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ABSTRACT 

I studied thermoregulatory patterns in reproductive big brown bats roosting in 

rock crevices and found that pregnant and lactating females used torpor to the same 

extent and less than post-lactating females. Patterns between pregnant and lactating 

females differed, with pregnant females using torpor on fewer days, but spending more 

time in deep torpor. 

All females switched roosts frequently, and post-lactating females tended to roost 

solitarily. Crevices were selected as roosts based on opening size, distance from flat 

ground above, orientation, aspect, dimensions, and microclimate. Preferred crevice 

attributes differed with reproductive stage. Females selected rock-crevice roosts that 

matched their thermoregulatory needs. 

I compared the rock-roosting colony of big brown bats with a colony roosting in a 

building. The microclimate of the building is a more suitable environment for 

reproductive females. The differential use of torpor leads me to conclude that the 

building-roosting colony may experience higher reproductive success. 
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1 
CHAPTER 1 

General Introduction 

Animals use refuges for shelter from weather and to avoid predation. Some 

animals spend a great deal of time in refuges, and as such, conditions within the shelter 

should be important. In particular, ambient temperature and relative humidity can impact 

an animal's physiology (Cossins and Bowler 1987, Schmidt-Nielsen 1990), making 

microclimate an important factor in refuge selection (Begon et al. 1996). 

Endotherms depend on cellular energy to maintain an appropriate body 

temperature, and lost heat is replenished through additional energy expenditure (Schmidt-

Nielsen 1990). Small endotherms have large surface-area.wolume ratios, and a great deal 

of cellular energy must be used to maintain a constant warm body temperature (Schmidt-

Nielsen 1990). As such, many small endotherms have adopted energy-saving strategies. 

Behavioural strategies include increasing foraging effort in cold conditions, clustering to 

decrease heat loss, and selecting refuges with temperatures within the thermal neutral 

zone (McNab 1982). A physiological strategy that some endotherms, such as some birds 

and small mammals, are able to employ is heterothermy, whereby body temperature is 

lowered in a controlled manner to decrease heat loss and slow metabolism (Schmidt-

Nielsen 1990). This lowering of the thermal neutral zone (TNZ), called torpor, allows 

the animal to expend considerably less energy than it would remaining normothermic 

(Hill and Smith 1984). The use of torpor as an energy-saving strategy requires that 

environmental temperature be colder than the normothermic TNZ. If an animal does not 

employ torpor, the best energy-saving strategy is to seek an environmental temperature 
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that is within the TNZ. Because the surrounding temperature is a determining factor for 

use of torpor, temperature within a refuge is important and may be a determining factor 

for selection of refugia. 

As small mammals, bats have high surface-area:volume ratios, and spend even 

greater energy than other small mammals do, due to the costs of flight (Altringham 

1996). Some bats are capable of using torpor but incur certain costs in doing so. Costs 

include increased risk of predation due to the inability to move quickly (Schmidt-Nielsen 

1990), and for reproductive female bats, slower fetal development (Racey 1973) and milk 

production (Wilde et al. 1999). For bats with a defined reproductive season, lengthened 

gestation or growth periods can result in decreased fitness (Lewis 1993). As such, use of 

torpor by reproductive bats may be limited, and alternatively, behavioural strategies may 

be employed. To balance their energy budgets, bats may use a combination of 

behavioural and physiological (torpor) strategies, and this combination may change as the 

cost:benefit ratio of torpor use changes. 

Torpor is also a water-saving mechanism (Herreid and Schmidt-Nielsen 1966). 

Especially in arid environments, balancing a water budget can be a significant force 

influencing animal behaviour (Studier and O'Farrell 1976). Bats, with large wing 

membranes and lung surfaces, experience higher water loss than non-volant mammals of 

similar size (Webb 1995). Additionally, bats are confined to roosts for over 70% of the 

day without water. As such, selecting roosts that are humid so as to minimize water loss, 

especially during lactation when water efflux is greatest (Kurta et al. 1989a), may be 

important (Herreid and Schmidt-Nielsen 1966). 
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Temperate zone bats mate in the fall and delay fertilization until spring. Females 

of most species form groups, called maternity colonies, and young are born in June or 

July (Nagorsen and Brigham 1993). In Canada, all species produce one litter of young 

per year. With the exception of one species, each litter typically consists of one or two 

offspring. One species, Eptesicus fuscus, has a higher rate of twinning in the east than in 

the west (van Zyll de Jong 1985). 

To understand the relationship between refuge conditions, use of torpor and 

behaviour, I investigated female bats (big brown bats, Eptesicus fuscus) roosting in 

natural structures. I documented roosting behaviour and group dynamics, described roost 

conditions and identified selection criteria, and recorded body temperatures throughout 

the day to quantify use of torpor. By using females, I was able to illustrate changes in 

behaviour and use of torpor as cost:benefit ratios changed throughout the reproductive 

season. 

By studying bats in natural roosts, I was able to describe natural behaviour. A 

number of studies have looked at populations of bats roosting in buildings (Audet and 

Fenton 1988, Barclay 1982, Entwistle et al. 1997, Fenton and Rautenbach 1986, 

Grinevitch et al. 1995, Hamilton and Barclay 1994, Holroyd 1993, Rydell 1989, Williams 

and Brittingham 1997, Zahn 1999). Higher roost fidelity is associated with building-

roosts, as compared to natural roosts (reviewed in Lewis 1995). Buildings provide 

freedom from predators and protection from the weather (Churchill 1998), and therefore, 

natural roosting behaviour may not be accurately reflected in these studies. For example, 

studies of bats in buildings have found that maternity colonies are cohesive groups with 

relatively stable membership (Brigham and Fenton 1986, Fenton and Rautenbach 1986, 
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Rydell 1989), while other studies of bats in natural roosts have found that "colonies" are 

more fluid with members forming groups of varying sizes with different daily 

combinations of roost-mates (Brigham 1991, Brigham et al. 1997, Kalcounis 1995, 

O'Donnell 2000). Behaviour can vary within a species depending on roost type; for 

example, E. fuscus, roosting in buildings show greater fidelity than E. fuscus roosting in 

tree cavities (Brigham 1991). My study is the first to look at E. fuscus roosting in rock-

crevice roosts. 

I studied bat body temperatures in relation to roost conditions, and was able to 

describe how bats select roost microclimate to meet thermoregulatory needs. Many 

studies of thermoregulation in animals have used controlled laboratory conditions (Geiser 

and Brigham 2000, Geiser and Kenagy 1990, Hanus 1959, Herreid and Schmidt-Nielsen 

1966, Hudson and Scott 1979, Kurta 1990, Morrison and McNab 1962, Studier and 

O'Farrell 1972). Such studies do not necessarily reflect normal temperature and food 

conditions, and may therefore, not represent what happens in the natural environment. 

Chruszcz (1999) examined body and roost temperatures of reproductive female 

Myotis evotis roosting in natural rock crevices. He found that torpor was used every day 

by each individual regardless of reproductive stage (pregnant, lactating). These findings 

differed from previous studies which found limited use of torpor by reproductive bats. 

Such a difference could reflect an interspecies difference, as this was the first 

thermoregulatory study of M. evotis, a solitary roosting species. Alternatively, it could 

reflect differences in roost structures, as many previous non-laboratory studies of bat 

thermoregulation have focussed on building populations of colonial-roosting bats (Audet 

and Fenton 1988, Grinevitch et al. 1995, Hamilton and Barclay 1994). I studied 
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thermoregulatory patterns and roost microclimate of a maternity colony of E. fuscus 

roosting in the same area as that of Chruszcz (1999), and compared my findings to his 

and those of Hamilton and Barclay (1994) who studied reproductive E. fuscus roosting in 

a building. I hypothesized that if rock-crevice roosts have colder microclimates than 

those of building roost sites, E. fuscus roosting in rock crevices should use torpor more 

often, and perhaps every day as M. evotis did. To compare roost conditions, I recorded 

microclimate in the building used by the big brown bats studied by Hamilton and Barclay 

(1994). By comparing my findings with those of Hamilton and Barclay (1994), I also 

addressed the question "Do building-roosts offer advantages over natural roost sites?" 

Debate exists about whether 'house-bats,' such as E. fuscus, select man-made structures 

over natural roost sites because they are the best option, or whether destruction of natural 

sites has led to the inevitable occupation of buildings by bats (Kunz 1982). I 

hypothesized that if buildings offer advantages over natural roost sites, physiological 

and/or behaviour differences should be observed. 

I address the following questions: Chapter 2. What rock crevice attributes are 

selected by reproductive big brown bats, and does roost preference change during the 

course of the reproductive season? What group dynamics exist, and does roosting 

behaviour change during the course of the season? Chapter 3. How do rock crevice 

attributes affect microclimate? Do females select different roost microclimates with each 

reproductive stage, and does their use of torpor reflect the microclimate they select? To 

what extent do pregnant, lactating and post-lactating female big brown bats roosting in 

rock crevices use torpor, and is this consistent with previous studies? Chapter 4. Do 

natural rock-crevice roosts differ in microclimate from building roosts? Is the use of 



torpor different between bats roosting in buildings and bats roosting in natural rock 

crevices? If differences exist between building-roosts and natural rock-crevice roosts, 

what are the fitness implications? 
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CHAPTER 2 

Roosting behaviour and roost selection of female big brown bats (Eptesicus fuscus) 

roosting in rock crevices in southeastern Alberta 

Abstract 

From May through August 2000,1 studied big brown bats, Eptesicus fuscus, 

roosting in rock crevices along the South Saskatchewan River in southeastern Alberta. I 

documented roosting behaviour and roost selection. During pregnancy and lactation, 

individuals aggregated as several small groups or one large group (maternity colony). 

Post-lactating females roosted alone more frequently, especially during the latter part of 

post-lactation. During post-lactation, individuals periodically returned to roost with a 

group dominated by pups, between periods of roosting alone. I identified 72 roosts in 

rock crevices used by members of the colony. Adult females switched roosts frequently 

and few roosts (24%) were re-used. During pregnancy and lactation, the colony roosted 

in a short (1.25 km) length of the river valley on the NW side of the river. With the onset 

of post-lactation, females began roosting on both sides of the river, within a longer 

section of the river valley. Roosts used by post-lactating females faced more southerly 

than roosts used by reproducing (pregnant, lactating) females. Crevices selected as roosts 

were more vertical in orientation, were further from level ground above, and had smaller 

opening sizes than what was randomly available. Roosts used during pregnancy, lactation 

and post-lactation differed in physical attributes; lactation roosts were deeper and had 

larger opening sizes. Selection of crevices with particular attributes suggested selection 



based on microclimate and avoidance of predation. Predators were observed around 

roosts and evidence of predation was found. 

INTRODUCTION 

To understand the ecology of an organism, one must investigate the interactions 

between physiology, behaviour, and the environment. Because an animal's behaviour 

reflects its physiology (Alcock 1998, McNab 1982), ecologists examine the interactions 

an animal has with its environment under changing physiological conditions. Energetic 

demands and avoidance of predation can largely dictate how an animal behaves and the 

'decisions' it makes regarding use of resources (Alcock 1998). Bats have high surface 

area to volume ratios (McNab 1982, Schmidt-Nielsen 1990), and this, together with flight 

costs, can result in large energy expenditure (Kurta et al. 1989a, McNab 1982). 

Reproductive females have the added energy demands of pregnancy and lactation 

(Gittleman and Thompson 1988), making them interesting subjects for examination of the 

costs and benefits of behaviour. Like some birds and small mammals, bats are able to 

conserve energy by lowering their body temperature in daily torpor (Wang and Wolowyk 

1988). However, for temperate bats with a relatively short reproductive season, costs 

associated with the use of torpor, such as prolonged gestation (Lewis 1993, Racey 1973) 

and decreased milk production (Tuttle 1976, Wilde et al. 1995, 1999), tend to limit use of 

torpor and individuals use alternative energy-saving strategies (Hill and Smith 1984, 

McNab 1982). Such strategies include clustering with other individuals (Kunz 1982, 

McNab 1982, Roverud and Chappell 1991,Tuttle and Stevenson 1982), and roosting in 

temperatures within the thermal neutral zone (Churchill et al. 1997, Vaughan and O'Shea 
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1976). Predation also likely moulds roosting behaviour and roost selection (Altringham 

1996). 

Because bats spend over 70% of the day in a roost, roost conditions likely 

influence fitness. As refugia, roosts should be selected to minimize the risk of predation 

and parasitization (Lewis 1995, 1996), and provide a micro-environment suitable to 

physiological needs (McNab 1982). Physical attributes and exposure of cavities to solar 

radiation can influence microclimatic conditions within roosts (Chapter 3, Chruszcz 

1999, Vaughan and O'Shea 1976, Vonhof and Barclay 1997). Bats are in direct physical 

contact with a substrate (eg. sandstone, shale, wood) while roosting, and because 

different substances conduct heat energy at different rates (Serway and Faughn 1989), 

bats cool at different rates depending on the nature of their substrate (Cossins and Bowler 

1987, Kurta 1985). With tight energy budgets (Kurta et al. 1989a), bats may select 

appropriate thermal environments and roosting behaviours to achieve energy savings 

while minimizing costs. They may roost in clusters to minimize heat and water loss, and 

reproductive females may select roosts with different properties at different stages of 

reproduction to adjust for changing thermoregulatory demands, group size, and 

environmental conditions. 

An animal's environment shapes behaviour, necessitating the study of unique 

habitats to fully characterise a species' ecology. I examined the roosting behaviour and 

roost selection of a widespread species of bat, Eptesicus fuscus. I studied a population 

roosting exclusively in rock crevices. While a number of studies have looked at aspects 

of tree-roosting (Betts 1995, Brigham 1991, Kalcounis 1995, Vonhof 1995) and building-

roosting (Audet and Fenton 1988, Grinevitch et al. 1995, Hamilton and Barclay 1994, 
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Holroyd 1993, Williams and Brittingham 1997) populations of E. fuscus, this is the 

first study of roosting behaviour in a population roosting in rock crevices. Few studies 

have focussed on rock-roosting bat populations of any species (Chruszcz 1999, Lewis 

1996, Trune and Slobodchikoff 1976, Tuttle and Heaney 1974, Vaughan and O'Shea 

1976), and little is known about properties of any roosts due to their inaccessibility (Kunz 

1982, Nagorsen and Brigham 1993). 

I investigated parasite load, group size, and roosting behaviours of reproductive 

female big brown bats, and described the physical attributes of their rock-crevice roosts, 

including heat conductance of the roost substrate. I predicted that to minimize heat loss 

while roosting, reproductive females would select roost substrates that did not conduct 

heat well. I also predicted that roost crevice opening size would be small and distance 

from level ground would be large to decrease the risk of predation. Bats should switch 

roosts frequently to decrease risk of predation and parasitization, and find thermally 

suitable roosts as ambient conditions change (Lewis 1995). Because exposure of a 

crevice to solar radiation alters thermal conditions, I predicted that aspect would be an 

important selection factor and preferred aspect would change as physiological demands 

changed with each reproductive stage. 

METHODS 

Study Species 

Eptesicus fuscus, the big brown bat, is widespread across much of North America. 

Individuals weigh ca. 18 g, have a mean forearm length of 47.4 mm (van Zyll de Jong 

1985), and feed on flying insects. Parturition occurs in late June or early July, and in 



western North America most females give birth to one young (van Zy l l de Jong 1985). 

During the summer months, adult females roost in maternity colonies ranging in size 

from 5 to 700 individuals (Kurta and Baker 1990), but most colonies average less than 

100 (van Zyll de Jong 1985). Natural roost sites for this species include rock crevices 

and tree hollows, but E. fuscus is also one of the most common species found in buildings 

(van Zyll de Jong 1985). 

Study Site 

From May through August 2000,1 conducted research in the South Saskatchewan 

River Valley (N 50°38', W 110°11'; 620 m asl) ca. 25 km southeast of the town of 

Bindloss, Alberta. The terrain consists of eroded sandstone cliffs and hoodoo formations 

in the valley (badlands features), and flat grasslands above. Numerous drainage coulees 

run perpendicular to the valley. There are no buildings within 5 km of the study area 

(Holloway 1998). With the exception of several scattered clusters of cottonwoods 

(Populus spp.) found close to the river's edge, the study area is devoid of trees. Two 

basic types of rock make up the valley: cemented sandstone (hard boulder material) and 

non-cemented sandstone (solidified mud/sand which erodes easily). Crevices exist in 

both types of material. The climate is arid with rainfall averaging 12.7 cm between the 

beginning of June and the end of August (Environment Canada 1990). From June 

through August, 2000 I recorded 9.8 cm of rain in the study area. Mean daily minimum 

and maximum temperatures during the study period were 9.7°C/24.1°C in June, 

15.3°C/31.3°C in July, and 13.7°C/28.8°C in August. Long term values are: 9.9°C/24.5°C 
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in June, 12.0°C/27.5°C in July, and 10.7°C/26.8°C in August (Environment Canada 

1990). 

Captures 

I captured bats by placing mist-nets across coulees and between hoodoo 

formations in flyway areas. Once I located a roost site, netting activity was concentrated 

in that area. Adult bats were distinguished from juvenile bats by examining the joints in 

the fingers; adults have fully ossified epiphyses (Anthony 1988). I classified females as 

non-reproductive, pregnant, lactating, or post-lactating (Racey 1988). By gently 

palpating the abdomen I could detect pregnancy. Pregnancy was confirmed by 

subsequent recapture of all but two bats later in the season. I confirmed lactation by 

expressing milk from enlarged teats. Post-lactating females had hair regrowth around the 

periphery of the teats, and I was unable to express milk. I placed a numbered, coloured 

plastic split-band onto one forearm of each individual for identification. 

Radio-transmitters (Holohil Systems, Carp, ON) weighing 0.7 g were attached to 

reproductive females to locate roosts. Attachment procedures involved trimming the fur 

between the shoulders and using Skinbond® surgical adhesive (Smith and Nephew 

United, Inc., Largo, FL). As recommended by Aldridge and Brigham (1988), transmitter 

mass was less than 5% of a bat's body mass. 

I located roosts during the day on each day that an individual carried an active tag. 

I used a Merlin 12 receiver (Custom Electronics, Nokomis, FL) with either a five-element 

or a three-element yagi antenna. I accessed roosts by climbing, or using ladders or ropes. 

Roosts were observed at emergence to confirm exit(s) and to count bats. 
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Crevices 

I measured various attributes of rock crevices: slope, aspect, opening dimensions 

and shape, depth, and distance to level ground above and below the roost. I also 

described the crevices in the following manner: constituent rock material (cemented or 

non-cemented sandstone), open or closed to rain, orientation (horizontal, vertical, 

diagonal), side of river (NW or SE), and type of crevice. The latter description involved 

classifying the crevice into one of three categories based on the diversity of crevices in 

the area: crack (long fissure), slab (having a thin outer wall), or erosion tube/hole 

(eroded hollow area). The opening shape and dimensions for each crevice were used to 

calculate opening area for statistical analyses. For most roosts (65 of 72) I measured 

altitude (Garmin GPS 12, software 4.55, ± 35 m vertical accuracy; Olathe, Kansas) 

I compared the heat conductance of the two types of rock (cemented, non-

cemented) to that of wood. Rock samples were taken from the study site, and chiselled to 

ca. the same thickness (4 cm). A mixture of iron-rich (orange in colour) and iron-

deficient (not orange) samples were collected. I took wood samples with thickness of 

about 4 cm from an attic known to have roosting E. fuscus (Hamilton and Barclay 1994). 

Exact volumes were attained by immersing the samples in water and measuring the 

volume of displaced water. 

I conducted two experiments to quantify the heat conductance properties of the 

materials: rock cooling and water cooling. The former experiment involved rock 

samples only. I heated the rocks in an oven at 93°C for one hour. All rocks were placed 

onto cooling racks, and a Thermochron iButton (Model DS1921, Dallas Semiconductor 

Corp., Dallas, TX) was placed on the rock to record rock temperature each minute. The 
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experiment ended when the rocks reached room temperature. Room temperature was 

measured using an additional iButton. The second experiment involved heating a 

rectangular plastic bag with 19 g of water (simulating the body of a big brown bat) to 

38°C in a water bath. I then placed the bag onto the sample with a temperature-sensitive 

radio-transmitter (Holohil Systems, Carp, ON) taped lightly to the top of the bag. The 

entire system was covered with a layer of neoprene to minimize heat loss to the air above 

the water bag. I programmed a scanning receiver (SRX 400, Lotek Wireless Inc., New 

Market, ON) with the calibration curve specific to the radio-transmitter. The receiver 

recorded the bag's temperature every minute until the bag reached room temperature. 

Cooling curves were compared statistically to determine differences in heat retention and 

conductance capacities. 

I collected data for randomly selected crevices to compare with crevices used by 

bats. All randomly selected crevices were not known to be roost sites. Radio-tagged E. 

fuscus roosted predominantly in a 1.25 km stretch of the valley for most of the summer, 

and I measured 25 m sections along both sides of the river in this stretch of valley. I 

randomly selected a section, a distance (0 - 25 m) to walk into the section, and a distance 

to walk perpendicular away from the river. When I had moved the indicated distances, I 

located the nearest crevice large enough for at least one bat to roost in. I measured the 

same characteristics of the random crevices as for the roost crevices. I measured 36 

randomly selected crevices on the NW side of the river, and 14 on the SE side. Fewer 

were measured on the SE side due to the smaller area with suitable terrain. 

To measure roost availability I randomly selected numbers as outlined above, but 

after moving the appropriate distances, I searched within a 1 m radius for any crevice 
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large enough for a single bat to fit in. If such a crevice was found, it was deemed an 

available roost. I repeated this 19 times on the NW side of the river and 14 times on the 

SE side. 

Statistical Analyses 

I transformed data (eg. logio, squaring, cubing, square root, etc.) to meet 

assumptions of normality and variance homogeneity. I used an alpha value of 0.05 and 

present means ± standard error. T-tests, ANCOVAs, ANOVAs, and regressions were 

performed using SYSTAT 7.0.1 for Windows. Chi-squared tests were performed using 

Statistix 4.1. Yates correction factor was applied to all chi-squared tests with one degree 

of freedom (Zar 1984). 

Statistical tests of circular data (aspect) were performed as outlined in Fisher 

(1993). Aspect for 46 roosts and 36 randomly selected crevices from the NW side of the 

river were compared using a nonparametric statistical procedure (Fisher 1993, p. 115) to 

determine if roost aspect was different from what was randomly available. The test 

statistic can be evaluated using the chi-square distribution. Using this same method, I 

determined whether aspect differed for roosts used by reproductive (pregnant, lactating) 

and post-lactating bats. This method is recommended for sample sizes >25, although my 

sample sizes were 32 and 23 respectively. I calculated mean directions as outlined in 

Fisher (1993, p. 31). 



RESULTS 

Captures 

On the basis of captures and roost observations, the bats I followed during this 

study formed one maternity colony. I banded 34 adult females, and because few 

unhanded individuals were caught at the end of the season, I believe this represents most 

if not all of the adult females comprising the colony. I recaptured 22 of these females at 

least once during the study period. Eighteen juveniles (9 females, 9 males) were captured 

in association with the maternity colony (in some cases mothers were captured with 

attached juveniles). 

Of the 27 adult female E. fuscus inspected for ectoparasites, 5 did not have any 

visible ectoparasites (18.5% uninfected), and 22 had one or more types of ectoparasites. 

Twelve had soft-bodied ticks (Ornithodoros sp., likely O. Alectorobius kelleyi; W. 

Samuel pers. comm.; 1 - 7 ticks per individual), two had bed bugs (Cimexpilosellus), 11 

had mites (unidentified wing and ear mites), and 7 had bat fleas (Myodopsylla sp.). 

I attached 31 radio-transmitters to 24 females during the course of the study 

(some females were tagged more than once). Twelve were attached to pregnant females, 

one of which was later recaptured and found to be non-reproductive. Data from this 

female were thus discarded. All but two of the other tagged pregnant females were 

recaptured and pregnancy confirmed. The first tag applied to a lactating female was on 6 

July and 11 such radio-transmitters were applied. Two lactating bats became post-

lactating during the life of the transmitter, as confirmed via recapture. I radio-tagged 11 

post-lactating bats, the first on 30 July. The last radio-transmitters were attached on 20 
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August and these bats (along with other untagged big brown bats) were still in the area 

on 26 August when the study ended. 

Roosting Behaviour 

The maternity colony was a cohesive group of individuals. The entire colony 

often roosted as one large group, but at other times as several small groups during 

pregnancy and lactation. On several occasions I observed the group clustered in a roost. 

The number of E. fuscus occupying any one roost ranged from 1-37, with a mean group 

size of 8.25 + 0.96 bats (median = 4.5 bats, n = 92 roosting groups). Five of the 12 (42%) 

pregnant bats roosted alone at least once during the life of their transmitter (79 bat-days 

roosting with group, 11 bat-days alone, 12.2%). One of the 10 (10%) lactating bats 

roosted with her pup but no other bats (on the day following the birth of her pup; 59 bat-

days in group, 1 bat-day away from group, 1.7%). Nine of the 11 (82%) post-lactating 

bats roosted alone at least once (45 bat-days in group, 49 bat-days alone, 52.7%). The 

frequency of bat-days spent roosting alone was significantly different across reproductive 

stages (x2 = 62.2, df = 2, p <0.001). The frequency increased as the post-lactation period 

progressed, although adults often returned to roost with the group for a day, after a period 

of roosting alone. For example, one female roosted with the pup-dominated group the 

day after tagging, then roosted alone for a day. For the next 17 days she roosted with the 

pup-dominated group 6 times, and was out of the main roosting area a total of 11 days 

(on two of these days I confirmed that she was roosting alone). Adult females roosted 

alone significantly more often after 14 August, compared to earlier in the post-lactation 
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stage ( 1 - 1 4 August, 13 bat-days alone out of 55 bat-days; 14-25 August, 36 out of 

39 bat-days; X2 = 56.1, df = 1, p < 0.001). 

Female E. fuscus switched roosts frequently. I identified 72 roosts, 55 (76%) of 

which were used only once, 14 (19%) twice, 2 (3%) three times, and 1 (1%) four times. 

Roosts were occupied for an average of 2.01 +0.18 consecutive days (range 1 - 7; 

median = 1). Most roosts (62, 86%) were used during only one reproductive period, 

although one deep (>38 cm) erosion hole was used during all three reproductive periods, 

and 9 roosts were used in two reproductive periods. I located 14 roosts during 

pregnancy, 19 during lactation, and 59 during post-lactation. During post-lactation, bats 

frequently roosted alone, thus accounting for the large number of roosts found during that 

period. 

Roosts were close to water; all were within 400 m of the South Saskatchewan 

River, with the exception of one which was nearest a dugout (roost ca. 700 m from the 

river). From 6 June through 10 August individuals from the colony roosted along a 1.25 

km length of the river valley (main roosting area). After 10 August, the post-lactating 

females spread out over a 4.41km length which extended both upriver and downriver of 

the main roosting area. 

Until 29 July, female E. fuscus roosted only on the NW side of the river, although 

I found two adult males on the SE side. On 29 July, the colony roosted on the SE side of 

the river for the first time. This move occurred one day before I captured and tagged the 

first post-lactating female. The two sides of the river differ in aspect, with crevices on 

the NW side predominantly facing southeast and crevices on the SE side of the river 

predominantly facing west and south. The sides of the river also differed in crevice 
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availability, with the NW side having significantly more crevices (x2 = 4.63, df = 1, p < 

0.05). By the end of the study period, 18 roosts (25%) had been found on the SE side of 

the river and 54 (75%) on the NW side of the river. This is not different from the 

expected distribution of roosts based on availability (x2 = 0.03, df = 1, p > 0.9). 

However, the distribution of roosts throughout the season changed significantly; of the 28 

roosts used prior to 29 July, none were on the SE side, but after this date, 18 of the 44 

roosts were on the SE side (x2 = 11.2, df = 1, p < 0.001). 

Roost Selection 

I compared randomly selected crevices (50) to roosts (72 roosts identified, 62 

fully measured and described; Table 2.1). Roosts had significantly smaller openings and 

shorter distance from level ground above than randomly selected crevices. Roosts did not 

differ from randomly selected crevices in depth, distance to level ground below, or slope 

of the ground containing the opening. On the NW side, roosts did not differ in aspect 

from randomly selected crevices. Roosts were significantly different in orientation than 

randomly selected crevices; more roosts were sloped (vertical or diagonal) than what was 

randomly available. Roosts used during pregnancy (12), lactation (20) and post-lactation 

(23) differed in depth (ANOVA, F2,52 = 6.02, p = 0.004) with lactation roosts (mean = 

64.1 ± 7.7 cm) being significantly deeper than roosts used during post-lactation (mean = 

37.0 ±3.9 cm, p = 0.0047), and deeper, but not quite significantly so, than roosts used 

during pregnancy (mean = 40.6 ± 7.5 cm, p = 0.051). Roosts also differed in opening 

size (F2,52 = 3.89, p = 0.027; overall mean opening area 213 ± 36 cm2) with post-lactation 

roosts (mean = 136 + 34 cm2) being significantly smaller in opening size than lactation 
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Table 2.1. Statistical comparisons of roost crevices with randomly selected crevices. 

Attribute Mean + SE Test statistic D f P 

Opening size Roost: 203 ± 25 cm2 t = 2.61 87.4 0.011 

Random: 2189+ 1563 cm2 

Distance from level Roost: 6.3 ± 1.2 m t = 2.18 101 0.032 

ground above Random: 3.6 + 1.0 m 

Depth Roost: 47 ±4 cm t = 1.44 78 0.155 

Random: 48 +/- 8 cm 

Distance from level Roost: 4.2 ± 0.6 m t = 0.82 59.8 0.418 

ground below Random: 5.3 ± 1.4 m 

Slope of ground Roost: 85 ± 4° t = 1.84 109 0.068 

Random: 74 + 5° 

Aspect Roost (n=46): 128 ±9° ^ equiv. = 0.68 1 > 0.05 

Random (n=36): 113 ±8° 

Orientation Roost (n=62): diagonal/vertical x2=\3.3 1 < 0.001 

Random (n=50): horizontal 
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roosts (mean = 239 + 46 cm2, p = 0.029). Roosts used during pregnancy and lactation 

(mean aspect = 126 ± 9°) differed significantly in aspect from post-lactation roosts (177 ± 

9°; x2equivalent = 23, df = 1, p < 0.05). 

To compare the rate of cooling of the two types of rock material, I used a 

nonlinear regression model of the form y=(a-c)b x + c, where y is rock temperature, a is 

the temperature at time zero, c is room temperature, and b is a decay factor describing the 

slope of the curve. The two types of rock differed significantly (F 1,15 = 14.1, p = 0.002) 

in heat conductance with cemented sandstone samples (n = 12, b = -0.0297 ± O.OOlmin"1) 

cooling more slowly than non-cemented sandstones (n = 6, b = -0.0333 + 0.002 min"1) 

after being heated. I included volume in the model as a covariate and it accounted for a 

significant portion of the variation (F115 = 18.7, p < 0.001). I also compared the cooling 

curves for a heated water bag cooled on 3 substrates: cemented sandstone (12), non-

cemented sandstone (6), and wood sampled from an attic containing roosting E. fuscus 

(3). I performed an ANCOVA to determine whether type of substrate affected the shape 

of the water bag's cooling curve. I included volume of the substrate in the model as a 

covariate but this did not explain a significant portion of the variation (Fi;i7 = 0.21, p = 

0.65). Type significantly affected the cooling curves (Fi,n = 28.6, p < 0.001). Cemented 

sandstone caused faster cooling (mean b = -9.26 x 10"4 ± 4.21 x lO"5 min"1) than non-

cemented sandstone (mean b = -7.22 x 10"4 + 4.96 x 10° min"1; p = 0.034) and wood 

(mean b = -5.26 x 10"4 + 3.43 x 10 min"1; p = 0.001). Non-cemented sandstone did not 

differ significantly from wood (p = 0.2). The proportion of roosts made of non-cemented 



sandstone (33 out of 62) did not differ from what was randomly available (x2 = 0.02, df 

= l,p = 0.89). 

I classified roosts into 3 main types: tubes/holes (n = 32), cracks (20), and slabs 

(10). I compared the number of roosts of each type used during each reproductive stage. 

Selection of roosts based on type did not differ throughout the course of the season (x = 

2.02, df = 4, p = 0.73). I classified roosts as 'open to rain' (26), or 'closed to rain' (36). 

On rainy days (15) and days with no rain (63), the proportion of roosts that were 'closed' 

versus 'open to rain' was not different (x2 = 0.87, df = 1, p > 0.5). Roosts were 632 + 2 

m asl (range 604 - 678 m, n = 65), ranging from 9 - 83 m above the river (mean = 37 ± 2 

m). 

DISCUSSION 

Reproductive big brown bats selected rock-crevice roosts with certain physical 

attributes, and changed their behaviour over the summer. Because physiological 

requirements for reproductive females change over the course of a season, one expects to 

find associated behavioural changes. For example, the costs of torpor change over the 

course of the reproductive season (McNab 1982, Racey 1973, Wilde et al. 1995, 1999); 

when the costs of using torpor exceed the energy-saving benefits, individuals should 

employ alternative energy-saving strategies. These include clustering (Kunz 1982, 

McNab 1982, Roverud and Chappell 1991, Tuttle and Stevenson 1982) and choosing a 

roost with an appropriate thermal regime (Churchill et al. 1997, Vaughan and O'Shea 

1976). 
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During pregnancy and lactation, the maternity colony I studied sometimes 

existed as several small groups, but at other times as one large group. This group 

'fluidity" is similar to the roosting behaviour of E. fuscus and Chalinolobus tuberculatus 

using tree cavities (Brigham 1991, Kalcounis 1995, O'Donnell 2000), but dissimilar to 

the more stable group composition and roost fidelity often observed in building-roosting 

populations of E. fuscus (Brigham 1991, Brigham and Fenton 1986, Holroyd 1993). This 

suggests that natural behavioural patterns may not be present in groups roosting in man-

made roost structures where protection from predators is greater, and more microclimate 

options may exist. Female E. fuscus in my study area roosted alone more frequently 

during post-lactation and this behaviour was pronounced during the latter part of post-

lactation. The clustering behaviour observed in pregnancy and lactation is consistent with 

the finding that pregnant and lactating females used torpor to a lesser extent than did 

post-lactating females (Chapter 3, see also Hamilton and Barclay 1994). Clustering 

reduces the surface area for heat loss, thereby minimizing the energy expended to replace 

lost metabolic heat. It can also decrease evaporative water loss (Kurta et al. 1989a, 

Studier 1970, Wang and Wolowyk 1988) which may be most important for lactating bats 

(Kurta et al. 1990, Wilde et al. 1995), especially in an arid environment such as my study 

area. 

For bats with large, highly vascularized wings and small body mass, heat loss can 

be substantial (McNab 1982). Use of daily torpor can significantly lessen energy loss by 

decreasing the thermal gradient between body and ambient temperatures (Studier 1981). 

However, decreased cellular activity associated with a decrease in body temperature 

(Schmidt-Nielsen 1990) slows fetal development and milk production, thereby reducing 
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the net benefit of torpor for reproductive female bats in temperate climates (Racey 

1973, Wilde et al. 1995). Post-lactating females who experience fewer costs associated 

with torpor, will tend to use more torpor (Hamilton and Barclay 1994). To facilitate body 

cooling, individuals can roost singly (Licht and Leitner 1967a, Trune and Slobodchikoff 

1976) and post-lactating E. fuscus roosting in buildings frequently roost away from the 

maternity roost (Hamilton and Barclay 1994). Post-lactating C. tuberculatus also roost 

solitarily more often than pregnant and lactating individuals (O'Donnell and Sedgeley 

1999). 

Aspect and slope can influence microclimate because of differences in the 

absorption of solar radiation (Rosenburg 1974). During pregnancy and lactation, roosts 

did not differ in aspect or slope from what was randomly available. With the onset of 

post-lactation, females began roosting on both sides of the river, and within a longer 

length of the valley. Although the lower roost availability on the SE side explained the 

unequal number of roosts on each side, it did not explain the sudden change in behaviour 

observed at the end of July. Crevices on the SE side of the river faced predominantly 

south and west, and I suggest that the sudden change in behaviour to roost on both sides 

of the river was related to the aspect difference between crevices on the two sides. 

Microclimate in crevices on the two sides of the river differed (Chapter 3), and this may 

have been an important selection criterion for post-lactating females. Roosts selected 

during post-lactation faced significantly more south and would have received less direct 

sunlight at dawn than the roosts used during pregnancy and lactation (see Chapter 3 for 

microclimate implications). Aspect has been identified as an important factor for big 

brown bats when selecting tree-cavity roosts (Kalcounis 1995). I suggest that in rocky 
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areas, aspect is important for selecting the larger roosting area from the length of the 

river valley, and the side of the river occupied. Preferred aspect changes with 

reproductive stage. 

The expansion of the roosting range with the onset of post-lactation may have 

been because post-lactating bats, with no pups to nurse during the night, and no colony to 

coordinate with for purposes of clustering, foraged further away where foraging was most 

profitable. This may also be a mechanism for avoiding competition, as volant pups 

tended to roost in the main roosting area as a group, and foraged in the immediate 

surroundings (most nights tagged juveniles were detected foraging in the roosting area). 

After weaning, post-lactating female E. fuscus forage increasingly far from the maternity 

roost (L. Wilkinson pers. comm.), and lower site fidelity has also been found for other 

post-lactating female bats (reviewed in Lewis 1995). In my study, adult females 

periodically returned to roost with the pup-dominated group between periods of roosting 

alone, perhaps reflecting underlying social bonds not yet understood. 

Female E. fuscus switched roosts frequently. A large number of roosts were used 

by the colony during one season, and few were reused. Similar results were found for 

Antrozous pallidus, with 10 of 46 rock-crevice roosts being reused in one season 

(Vaughan and O'Shea 1976). Antrozous pallidus switched roosts every few days, 

perhaps due to microclimate, with the frequency of switching increasing as the season 

progressed (Vaughan and O'Shea 1976). Similarly, tree-roosting C. tuberculatus showed 

high lability, with 70% of sites being occupied for only one night (O'Donnell and 

Sedgeley 1999). Eptesicus fuscus switch roosts frequently in some geographic locations 

but not others (reviewed in Lewis 1995). Because roost switching is energetically 



expensive and can be associated with decreased reproductive fitness (Brigham and 

Fenton 1986), the benefits of moving must outweigh the costs for the colony I studied. 

Frequent roost switching has been attributed to microclimate, avoidance of ectoparasites, 

predator avoidance, and human disturbance (reviewed in Lewis 1995), and correlated 

with roost availability and permanency (Kunz 1982, Lewis 1996). Rock-crevice 

availability was high in my area, and although one expects rock crevices to have a high 

degree of permanency, several roosts were destroyed or altered due to erosion caused by 

heavy rain. High availability and erodability of rock crevices may have promoted roost 

switching. I propose that the colony displays fidelity to the roosting area but shows less 

fidelity to individual roosts, as has also been suggested for tree-roosting bats (Kalcounis 

1995, Kunz 1982). 

Frequent roost switching in rock-roosting A. pallidus has been correlated with 

ectoparasite load (Lewis 1993, 1996). Over 80% of the adult E. fuscus females in my 

study were infested with at least one type of ectoparasite. Forty-four percent had ticks. 

To the best of my knowledge, this is the first observation of argasid ticks on E. fuscus in 

Alberta, although this tick has been reported in Alberta and bats are suspected hosts 

(Wilkinson et al. 1980). Ticks can remain in the rock crevices awaiting hosts; some 

species of ticks feed on bats for several days, detaching in between nymphal instar stages, 

then reattaching to feed at each stage (Allan in press). 

Frequent roost switching might also be attributed to predator avoidance (Lewis 

1995, Kunz 1982, Wilkinson 1985), or may reflect disturbance (Kunz 1982). 

Disturbance should be most evident at the beginning of a study, with bats returning to 

"normal roosting patterns" after the disturbance (eg. Fenton et al. 1993). However, roost 
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switching occurred throughout the study period, suggesting that human disturbance was 

not driving the frequency of roost switching. Potential predators in the area included 

short-eared owls (Asio flammeus), merlins (Falco columbarius), bull snakes {Pituophis 

melanoleucus), coyotes (Canis latrans), great horned owls {Bubo virginianus), and rattle 

snakes (Crotalus viridis; Holloway 1998). I confirmed by radio-telemetry that a bull 

snake consumed two radio-tagged E. fuscus on the afternoon of 9 July. I also discovered 

an extralimital population of bushytailed wood rats (Neotoma cinerea) which may take 

bats from roosts (Lewis 1996). Wood rats approached closely when bats vocalized 

during handling or entanglement in mist-nets. 

Risk of predation might also explain physical roost attributes. E. fuscus roosts had 

a mean opening size of 213 cm2, almost identical to the 200 cm2 reported for A. pallidus 

(Vaughan and O'Shea 1976). As in my study, snakes and wood rats have been identified 

as likely predators of roosting A. pallidus (Lewis 1996). Crevices selected as roosts had 

smaller openings and were further from level ground above than what was randomly 

available. Small openings may provide protection from predators (Tidemann and Flavel 

1987), but because microclimate is affected by opening size (Chapter 3), predation risk 

may not be the only explanation for this preference. 

Roosts were not selected for shape (i.e. slab, crack, hole/tube), but for dimensions. 

All roosts were smaller in opening size and more vertical than what was randomly 

available. Rock-crevice roosts used during lactation were deeper than those used during 

the pregnancy and post-lactation stages. Deeper roosts are also selected by lactating A. 

pallidus (Lewis 1996, Vaughan and O'Shea 1976), and lactating Myotis evotis (Chruszcz 

1999). Deeper crevices have moderate and stable temperature regimes (Chapter 3, 
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Chruszcz 1999, Vaughan and O'Shea 1976). Post-lactation roosts had smaller 

openings than lactation roosts, and this might reflect the smaller group size during post-

lactation. The influence of crevice dimensions on microclimate is described in Chapter 3. 

Crevice substrate does not seem to be an important physical attribute in selection 

of roosts by E. fuscus. Bats spend over 70% of the day in close contact with the roost 

substrate, and individuals cool at different rates on different substrates (Kurta 1985). 

Twente (1955) found that in a cluster of bats, those roosting in contact with a rock 

substrate were cooler than those roosting off the substrate. It is thus surprising that 

significantly different heat conduction properties of the non-cemented and cemented rock 

substrates did not influence roost selection. There are at least two possible reasons: 1. 

The substrate that individuals are actually in contact with is not the same material as that 

enclosing the crevice. I noticed that some crevices in cemented sandstone were lined 

with solidified mud (non-cemented sandstone), most likely deposited as sediment during 

erosion events. As internal inspection of roosts and determination of exact roosting 

location were not always possible, roost substrate was inferred to be the same as the 

material in which the crevice was formed, and this may not always have been the case. 2. 

Although differences in heat conduction by the different substrates were statistically 

significant, they may not be biologically significant. I used a plastic bag with water. 

Living bats are furred individuals with physiological response mechanisms, and may not 

cool significantly differently on these two rock substrates. A smaller bat (ca. 7 g) in my 

study area, M. evotis, roosts exclusively in cemented sandstone material (Chruszcz 1999, 

Holloway 1998). These bats, unlike E. fuscus, roost solitarily and use torpor everyday 

regardless of reproductive state (Chruszcz 1999). Cemented sandstone is a 'heat sink' 
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during the day, absorbing the sun's energy and radiating at a slower rate than non-

cemented sandstone, but is less insulating than non-cemented standstone. Chruszcz 

(1999) suggested that M. evotis, a small gleaning bat, may be forced to use torpor every 

day to balance its energy budget, and I suggest that its choice of rock substrate may 

facilitate this; in contrast, E. fuscus, weighing more than twice as much, aggregating in 

groups, and not using torpor every day (Chapter 3), may be unaffected by differences in 

substrate heat conductance, or perhaps other roost attributes are more important. 

In summary, E. fuscus roosting in rock crevices selected roosts with certain 

physical attributes, and roost selection and roosting behaviour changed with changing 

reproductive condition. Roosting behaviour changed with the onset of post-lactation, 

with adult females roosting alone more often, spreading out over a larger section of river 

to roost, and using rock-crevice roosts on both sides of the river. All rock-crevice roosts 

were smaller, more vertical in orientation, and further from level ground above, than 

randomly available rock crevices. Pregnancy and lactation roosts opened to the southeast 

while post-lactation roosts opened more southerly. Lactation roosts were deeper than 

pregnancy and post-lactation roosts, and post-lactation roosts had smaller opening sizes 

than lactation roosts. Selection of some roost attributes may have been anti-predatory 

behaviour, while other crevice attributes affected microclimate, and roost selection 

reflected thermoregulatory requirements (Chapter 3). The effect that physical attributes 

had on roost microclimate is addressed in Chapter 3. This is the first study to document 

roosting behaviour and roost selection in rock-roosting E. fuscus. This species roosts in 

tree cavities, rock crevices, and man-made structures. Because of the availability and 

accessibility of E. fuscus populations in wooded areas and in man-made structures such 



as mines and buildings, much study has focussed on this species in these roost 

structures. However, because the roosting patterns of E. fuscus differ with geographic 

area and roost structure (Lewis 1995), the findings from my study provide an important 

missing piece in what is known about E. fuscus ecology. 
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CHAPTER 3 

Thermoregulation and roost selection by reproductive female big brown bats {Eptesicus 

fuscus) roosting in rock crevices in the South Saskatchewan River Valley, Alberta 

Abstract 

From May through August 2000,1 studied a maternity colony of big brown bats, 

Eptesicus fuscus, roosting in rock crevices along the South Saskatchewan River in 

southeastern Alberta. I documented thermoregulatory patterns, and roost microclimate 

for pregnant, lactating and post-lactating females. I measured relative torpor use using a 

comprehensive torpor unit (degree-minutes), the area under the active body temperature 

(Tact) line on a body temperature (Tb) versus time graph. A complete picture of 

thermoregulatory patterns is presented by combining this comprehensive unit with 

proportion of bat-days on which torpor was used, minimum Tb and time in torpor. 

Pregnant and lactating females used torpor (°C*min) to the same extent, and significantly 

less than post-lactating females, supporting the costbenefit hypothesis for torpor in 

reproductive bats. Pregnant E. fuscus used torpor less often than lactating and post-

lactating females, but time spent in deep torpor was greater. Post-lactating females, 

despite experiencing ambient temperatures (Tamb) similar to those present during 

lactation, achieved the lowest mean minimum Tb's of all three reproductive stages and 

spent more time in deep torpor than lactating E. fuscus did. Depth and duration of torpor 

did not change with Tamb during lactation, but varied directly with Tamb during pregnancy 
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and post-lactation, suggesting that the costbenefit ratio for deep and prolonged periods 

of torpor may be higher for lactating bats. Rock crevice roosts used during pregnancy, 

lactation and post-lactation differed thermally, and the microclimate differences mirrored 

the bats' use of torpor. Roost relative humidity was lower than ambient and did not differ 

with reproductive stage. Crevice depth and opening size affected microclimate. 

Lactation roosts (deeper, larger opening size) may promote juvenile growth by being 

insulative; they were more thermally stable, warming more slowly during the day, and 

remaining warmer at night than other roosts. The shallow roosts used by pregnant and 

post-lactating females fluctuated with Tamb allowing for deep torpor at dawn, and passive 

re-warming during the day. At the onset of post-lactation, females began roosting on the 

opposite side of the river to that used during pregnancy and lactation. Crevice 

microclimate differences between the two sides of the river may have explained this 

sudden shift in behaviour. 

INTRODUCTION 

Animal behaviour reflects physiological requirements (Alcock 1998), the most 

important of which are energy, heat and water balances. Behavioural strategies aimed at 

maintaining these balances include selecting micro-environments that are thermally 

appropriate and minimize water loss, altering activity levels, and adjusting energy and 

water intake (Eckert et al. 1988). The metabolic requirements of reproductive mammals 

change during the reproductive cycle (Studier and O'Farrell 1976), and it is thus of 



interest to examine the interaction of an animal with its environment under these 

changing physiological conditions. 

Bats are small animals with high body surface-area:volume ratios and large lung 

surface area:body size ratios (Hill and Smith 1984, Studier 1970). Water and heat losses 

can thus be important factors influencing the behaviour and physiology of bats (Studier 

and O'Farrell 1976). Bats have evolved behavioural strategies for saving energy while 

promoting reproductive fitness, including selection of roosts with appropriate 

microclimates (Studier and O'Farrell 1972, Vaughan and O'Shea 1976). Some bats are 

able to use torpor (Altringham 1996), the periodic and controlled lowering of the set-

point for body temperature (Tb) regulation, to a point below active, normothermic levels 

(Altringham 1996, Wang and Wolowyk 1988). Lowered Tb's correspond to lower 

metabolic and respiratory rates, which result in energy savings (Studier 1981) and 

reduced water loss (Herreid and Schmidt-Nielsen 1966, Hill and Wyse 1989, Wang and 

Wolowyk 1988). Trade-offs associated with torpor include these energy- and water-

saving benefits, at the cost of decreased escape and vigilance capabilities (Cossins and 

Bowler 1987). Reproductive females experience additional costs of torpor because it can 

reduce a female's reproductive success: slowed fetal development resulting in prolonged 

gestation (Racey 1973, Lewis 1993), reduced milk production (Wilde et al. 1995), and 

diminished body heat transfer from mother to offspring which could retard juvenile 

growth (Cossins and Bowler 1987). For bats in a temperate climate, this can result in 

decreased reproductive fitness and survivorship if prolonged gestation and delayed 



weaning decreases the amount of preparation time for hibernation (Davis 1970, Lewis 

1993). 

During the summer, temperate-zone bats spend over 70% of their time in a roost. 

The selection of roosts should therefore be important. Temperature in a roost is critical 

for thermoregulation because use of torpor requires the surrounding temperature to be 

below the thermal neutral zone (TNZ), and bats choosing to remain homeothermic must 

roost within their TNZ to minimize energy expenditure (Altringham 1996). Because the 

metabolic rewarming phase of torpor is energetically expensive, torpid animals can 

accrue additional energy savings by roosting in locations that warm late in the day, 

facilitating passive rewarming (Lovegrove et al. 1999, Prothero and Jurgens 1986). 

Temperature in the roost also influences juvenile growth (Humphrey et al. 1977, McNab 

1982, Tuttle and Stevenson 1982, Zahn 1999). Relative humidity in roosts can be 

important because bats roost without access to water. This may be especially important 

for lactating bats when body water loss is highest (Kurta et al. 1989a). 

Eptesicus fuscus (big brown bats) select rock-crevice roosts based on aspect and 

roost dimensions, and roosts with different physical properties are selected during each 

reproductive stage (Chapter 2). While some attributes are likely selected to minimize 

predation risk, others may be important for other reasons. I predicted that microclimate 

differences exist between rock crevices, and that these are important in roost selection. 

This chapter examines the influence of crevice dimensions and aspect on crevice 

microclimate. I also compare thermoregulatory patterns of pregnant, lactating and post-
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lactating female E. fuscus, and the microclimate of the rock-crevice roosts selected 

during each reproductive stage. 

Because of the costs associated with torpor during reproduction, I predicted that 

pregnant and lactating females should use torpor less than post-lactating females, and 

select warmer roosts that allow them to remain normothermic without expending a great 

deal of energy. If the cost:benefit ratio of using torpor is similar throughout reproduction, 

then pregnant and lactating females should use torpor to the same extent. However, 

because pregnancy occurs during the spring when ambient temperatures are colder, 

pregnant females may be forced to use torpor to a greater extent than when they are 

lactating in the summer when temperatures are warmer. Post-lactating females, having 

weaned their pups, should experience a lower cost:benefit ratio for torpor use. They 

would benefit from the energy savings from torpor as they prepare for hibernation, and 

consequently should select roosts that allow them to use torpor regularly. 

This is the first study to document thermoregulation and roost selection in rock-

roosting E. fuscus. Chruszcz (1999) studied thermoregulation and roost selection in rock-

roosting Myotis evotis. He found that reproductive M. evotis, roosting in the same area as 

E. fuscus in my study, used torpor every day. Chruszcz (1999) proposed that this 

consistent use of torpor was a water-saving strategy given the arid nature of the Bindloss 

area. Because there have been no other studies of torpor use in rock-roosting populations 

of bats, I hypothesized that the microclimatic conditions (temperature, relative humidity, 

and heat conductance) of rock-crevice roosts in this area may result in substantial heat 
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and water loss and warrant more frequent use of torpor by all species in the area, 

compared to those roosting in other types of roosts or in more humid areas. As such, I 

predicted greater torpor use by rock-roosting E. fuscus than previously reported for other 

E. fuscus (roosting in buildings). 

METHODS 

Study Species 

Eptesicus fuscus, the big brown bat, is widespread across much of North America 

(van Zyll de Jong 1985). Individuals weigh ca. 18 g, have a mean forearm length of 47.4 

mm (van Zyll de Jong 1985), and feed on flying insects. Parturition occurs in late June or 

early July, and in western North America most females give birth to one young (van Zyll 

de Jong 1985). During the summer months, adult females roost in maternity colonies 

ranging in size from 5 to 700 individuals (Kurta and Baker 1990), but most colonies 

average less than 100 (van Zyll de Jong 1985). Natural roost sites for this species include 

rock crevices and tree hollows, but E. fuscus is also one of the most common species 

found in buildings (van Zyll de Jong 1985). 

The maternity colony of E. fuscus that I studied consisted of ca. 34 adult females. 

They roosted in rock crevices that averaged 203 ± 25 cm in opening size and 47 ± 4 cm 

depth, had entrances in substrate with a mean slope of 85 ± 4°, and a mean aspect of 128 

± 9°, were 6.3 ± 1.2 m from level ground above and 4.2 ± 0.6 m from level ground 

below, and oriented diagonally or vertically. Some of these crevice attributes differed 
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with reproductive stage, and not all were different from what was randomly available to 

the bats (Chapter 2). 

Study Site 

From May through August 2000,1 conducted research in the South Saskatchewan 

River Valley (N 50°38', W 110°11'; 620 m asl) ca. 25 km southeast of the town of 

Bindloss, AB. The terrain consists of eroded sandstone cliffs and hoodoo formations in 

the valley (badlands features), and flat grasslands above. Numerous drainage coulees run 

perpendicular to the valley. There are no buildings within 5 km of the study area 

(Holloway 1998). With the exception of several clusters of cottonwoods (Populus spp.) 

found close to the river's edge, the study area is devoid of trees. The climate is arid with 

rainfall averaging 12.7 cm (Environment Canada 1990) between the beginning of June 

and the end of August. From June through August, 2000 I recorded 9.8 cm of rainfall in 

the study area. Mean daily minimum and maximum temperatures during the study period 

were 9.7°C/24.1°C in June, 15.3°C/31.3°C in July, and 13.7°C/28.8°C in August. Long 

term values are: 9.9°C/24.5°C in June, 12.0°C/27.5°C in July, and 10.7°C/26.8°C in 

August (Environment Canada 1990). 

Captures and Radio-telemetry 

I captured bats by placing mist-nets across coulees and between hoodoo 

formations in flyway areas. Once I located a roost site, netting activity was concentrated 
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in that area. Adult bats were distinguished from juvenile bats by examining the joints 

in the fingers; adults have fully ossified epiphyses (Anthony 1988). I classified females 

as non-reproductive, pregnant, lactating, or post-lactating (Racey 1988). By gently 

palpating the abdomen I could detect pregnancy. Pregnancy was confirmed by 

subsequent recapture of all but two bats later in the season. I confirmed lactation by 

expressing milk from enlarged teats. Post-lactating females had hair regrowth around the 

periphery of the teats, and I was unable to express milk. I placed a numbered, coloured 

plastic split-band onto one forearm of each individual for identification. 

I attached temperature-sensitive radio-transmitters (Holohil Systems, Carp, ON) 

weighing 0.7 g to reproductive females to locate roosts and monitor skin temperature. 

Attachment involved trimming the fur between the shoulders and using Skinbond® 

surgical adhesive (Smith and Nephew United, Inc., Largo, FL). As recommended by 

Aldridge and Brigham (1988), transmitter mass was less than 5% of a bat's body mass. 

Using a Merlin 12 receiver (Custom Electronics, Nokomis, FL), I located roosts 

during the day on each day that an individual carried an active tag. I accessed roosts by 

climbing, or using ladders or ropes. I observed roosts at emergence to confirm exit(s) 

and count bats. 

Body temperatures (TVs) of the bats were monitored in two ways: manually and 

automatically. The latter method involved using a LOTEK SRX 400 (Lotek Engineering 

Inc., Newmarket, ON) scanning receiver which recorded bat temperatures every 10 

minutes. The receiver recorded the amount of time necessary for the transmitter to 
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produce 3 pulses, and used transmitter-specific calibration curves (provided by Holohil 

Systems Ltd.) to determine Tb. Occasionally manual temperatures were taken using a 

Merlin 12 receiver. In this case I used a stopwatch to time 10 pulses; after averaging 3 

sets of 10 pulses, I used the calibration curve to determine skin temperature. Skin 

temperature measured using these methods accurately reflects core Tb (Audet and 

Thomas 1996, Barclay et al., 1996). 

Crevices 

I classified all rock crevices into three categories based on shape: crack, slab (had 

a thin outer wall), and hole/tube (eroded hollow). Roosts were classified as pregnancy, 

lactation, or post-lactation roosts depending on the reproductive condition of the bats 

using them. 

Once I located a roost, I randomly selected the nearest crevice that was similar in 

aspect (within 10°), but differed in depth and/or opening size. I measured microclimate 

in roosts and randomly selected crevices. 

I measured ambient conditions and microclimate of E. fuscus roosts in rock 

crevices, using two types of dataloggers: Thermochron iButtons ®, Model DS1921 

(Dallas Semiconductor Corp., Dallas, TX) and HOBO Loggers® (Onset Computer 

Corporation, Pocasset, MA). HOBO Loggers recorded temperature (±0.7°C) and relative 

humidity (RH; ±5%). Two HOBO Loggers were encased in solar radiation shields to 

record ambient conditions. I placed roost sensors as far into crevices as possible, and 
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where bats had been roosting, if I knew this position. In many cases crevices were too 

narrow to place a HOBO Logger deep into the crevice where bats were roosting, so I 

extended an external sensor cable into the back part of the crevice to measure temperature 

only. Thus many of the RH readings were made near roost openings, and may not have 

accurately reflected actual roost conditions. To eliminate the potential problem of bats 

roosting on sensors, data during the period when bats occupied a roost were not used for 

statistical analyses. All sensors recorded conditions every 10 min. 

Most bats roosted on the NW side of the river, but from 11 - 29 July I placed 

microclimate dataloggers into crevices located on the SE side of the river. Each crevice 

was similar in opening shape (i.e. rectangular, circular, etc.) and crevice type (slab, 

tube/hole, crack) to a roost on the NW side of the river which also had a datalogger 

placed inside; these two crevices were deemed a 'pair' for statistical purposes. From 30 

July to 20 August bats roosted on both sides of the river. During this time period, I 

placed microclimate dataloggers into roosts (a pair) of similar shape and size on opposite 

sides of the river. Roosts included in these observations had been occupied at some point 

during the study period, but not necessarily just prior to microclimate monitoring. 

Statistical Analyses and Defining Terms 

To describe microclimate I divided the day into two periods: I called emergence 

to civil twilight 'night,' and civil twilight until emergence 'day.' Time to reach 

maximum temperature is the number of minutes after sunrise the roost took to reach 
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maximum temperature. For statistical analyses, four readings of ambient and crevice 

temperatures were used for each bat-day: 1. maximum night temperature (MXNT) 

occurred at time of emergence, 2. minimum night temperature (MNNT) occurred at civil 

morning twilight, 3. minimum day temperature (MNDT) occurred at sunrise, and 4. 

maximum day temperature (MXDT) occurred at some point during the day. 

I defined torpor, shallow torpor and deep torpor as described by Grinevitch et al. 

(1995) and Hamilton and Barclay (1994). An individual was torpid when its Tb dropped 

below its active temperature (Tact). The Tact was determined by selecting the lowest Tb 

recorded within 10 min prior to a bat's daily emergence to forage during the period in 

which the transmitter was on the bat. If a bat's temperature dropped <10°C below Tact, I 

termed this shallow torpor. If a bat's temperature dropped >10°C below Tact, this was 

deep torpor. 

I defined a "day" as starting at morning twilight (civil), or when the bat returned 

to the roost for the last time, and ending when the bat emerged to forage that night. A 

bout of torpor was defined as a drop in Tb below Tact that lasted for at least 20 min. A 

torpor-day was any day on which a bat experienced at least one bout of torpor, regardless 

of the amount of time the bat was monitored. This also applied to deep-torpor-days. For 

a bat-day to be used in all other measures of torpor, Tb had to be recorded for a minimum 

of 10 hours beginning no later than 0900 h. If no bouts of torpor were observed, the day 

was deemed a non-torpor-day. Only bat-days where >15 hours of Tb's were recorded 

were used for calculating degree-minutes (°C*min) of torpor (see below). 



Torpor has been defined, measured and quantified in many different ways 

(Barclay et al. submitted). In an attempt to best describe thermoregulatory patterns, I 

present torpor results as proportion of days in which torpor was used, minutes in torpor, 

minimum Tb's, frequency and duration of shallow versus deep body cooling, and area 

under the Tact line on a Tb versus time graph (°C*min). This latter method combines both 

depth and duration of torpor and summates all drops in Tb (Barclay et al. submitted). 

Because even small drops in Tb (Studier 1981, Webb et al. 1993) and short bouts of 

torpor (Schmidt-Nielsen 1990) can result in significant energy savings, this new method 

of quantifying torpor better reflects energy savings accrued from torpor. By examining 

all measures of torpor, a better understanding of the use of torpor may emerge. 

For the Tb data recorded for each of 158 bat-days (20 individual bats), I used the 

GVC method to create a nonparametric smoothing spline in SAS version 7.0 for 

Windows. Values were interpolated for each 0.5 min period. These interpolated values 

were subtracted from the Tact of the bat and multiplied by the 0.5 min interval. In doing 

so, I calculated the area between the Tact line and the Tb curve. I refer to this number as 

degree-minutes, as it encompasses both depth and duration of torpor and is in units of 

°C*min (Fig. 3.1). 

I transformed data (eg. logio, squaring, cubing, square root, etc.) to meet 

assumptions of normality and variance homogeneity. I used an alpha value of 0.05 and 

present means ± standard error. T-tests, Kruskal-Wallis, ANCOVAs, and regressions 

were performed using SYSTAT 7.0.1 for Windows. Chi-squared tests were performed 
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Figure 3.1. Use of torpor by a pregnant E. fuscus on 25 June. "R" is when the bat 

returned to the roost, and "E" was the time of emergence. The top line is the active 

temperature for this bat. The curve is the bat's Tb throughout the day. Squares are 

temperature readings taken every 10 minutes. Interpolated values are every 0.5 min. 

The area between the lines (measure of torpor) is 10 057 °C*min. 



using Statistix 4.1. I used Yates correction factor for all chi-squared tests with one 

degree of freedom (Zar 1984). Multiple comparison following Kruskal-Wallis was 

performed as outlined in Siegel and Castellan (1988, p. 213). 

RESULTS 

Captures 

On the basis of captures and roost observations, the bats I followed during this 

study formed one maternity colony. I describe this colony in detail in Chapter 2. I 

attached 31 radio-transmitters to 24 adult females (some females were tagged more than 

once). Twelve were attached to pregnant females, one of which was later recaptured and 

found to be non-reproductive. I thus discarded data from this female. All but two of the 

other tagged pregnant females were recaptured and pregnancy was confirmed. I tagged 

11 lactating females, the first on 6 July. Two lactating bats became post-lactating during 

the life of the transmitter, as confirmed via recapture. I radio-tagged 11 post-lactating 

bats, the first on 30 July. The last radio-transmitters were attached on 20 August and 

these bats (along with untagged big brown bats) were still in the area on 26 August when 

the study ended. 

Ambient Conditions 

I divided the study period into three parts based on the reproductive condition of 

the majority of bats in the colony: pregnancy (6 - 30 June), lactation (1 - 30 July), post-
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lactation (31 July - 25 Aug.). Mean minimum and maximum ambient temperatures 

(Tamb) for these periods were 10 ± 1°C and 24 ± 1°C, 15 ± 1°C and 31 ± 1°C, and 14 ± 

1°C and 29 ± 1°C, respectively. These are significantly different (minimum Tamb; F2J8 = 

15.3 , p < 0.001; maximum Tamb F2,78 = 16.0, p < 0.001), with the pregnancy period being 

significantly cooler than the lactation (p < 0.001) and post-lactation (p < 0.001) periods 

for mean minimum and maximum Tamb- On the hottest day of the summer, 13 July, 

maximum temperature was 38°C. 

Thermoregulation 

I determined the lowest body temperature (Tb) within 10 minutes of emergence 

each night for each bat. The mean of these values was 35.0 + 0.2°C (n = 175, range 30 -

41°C). The lowest active temperature during the time in which the transmitter was 

attached was used as the active temperature (Tact) for that individual (mean 33.6 ± 0.3°C, 

31, range 30 - 38°C). I also recorded body temperature for some bats as they returned to 

the roost after foraging (mean 37.3 ± 0.2°C, 110, range 34 - 41°C). Return Tb's were 

significantly higher than active body temperatures (two-tailed t = 9.20, df = 283, p < 

0.001). I used Tb prior to emergence as Tact, as this was the temperature at which bats 

were warm enough to fly. 

Individual T5 fell as low as 24.6°C below Tact in pregnancy (mean = 8.6 ± 0.9°C, n 

= 73 torpor-days), 17.7°C below Tact in lactation (5.4 + 0.6°C, 44), and 22.9°C below Tact 

in post-lactation (8.5 + 0.4°C, 58). Using ANCOVA I included Tamb as a covariate, and 
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individual nested within reproductive stage as a main effect, to account for those 

influences. Minimum Tb's differed significantly among stages (F2.141 = 6.8, p < 0.001; 

Fig. 3.2), with post-lactating bats having significantly lower minimum Tb's than pregnant 

bats (Tukey's pairwise comparison, p = 0.002) or lactating bats (p < 0.001). Individual 

nested in stage (F28J41 = 5.7, p < 0.001) was included in the model as individuals were 

monitored over several days, and some for more than one reproductive period. Variation 

was also explained by Tamb (Fi.141= 44.4, p < 0.001), and the interaction between stage 

and Tamb (F^ui = 5.8, p = 0.004); minimum body temperature of lactating females did not 

decrease with ambient, while Tb's of pregnant and post-lactating females did. 

I monitored daily torpor in pregnant (11 individuals, 79 bat-days), lactating (9, 

50) and post-lactating (11, 84) E. fuscus, for a total of 213 bat-days. Individuals 

frequently had a bout of torpor in the morning and another in the evening (Fig. 3.3). 

Pregnant, lactating and post-lactating E. fuscus averaged 2.37 ± 0.22 (n = 49 torpor-

days), 2.20 ± 0.17 (n = 41), and 1.90 ± 0.11 (n = 62) bouts of torpor per day, respectively. 

These were not statistically different (Kruskal-Wallis = 1.55, df = 2, p > 0.4). Pregnant 

bats used torpor on 58 (73%) bat-days, lactating bats on 44 (88%) bat-days, and post-

lactating bats on 88 (95.2%) bat-days (Fig. 3.4). This is a significant difference in 

frequency of torpor (x2 - 15.9, df = 2, p < 0.001). There was no significant difference 

between lactating and post-lactating bats = 1.5, df = 1, p > 0.2), and when they were 

combined and compared to pregnant bats, there was a significant difference (x2 = 13.1, df 

= 1, p = 0.003), indicating that lactating and post-lactating bats used torpor more often 
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Figure 3.2. Adjusted least squares mean (± SE) minimum body temperature of 

reproductive bats, based on an A N C O V A model using reproductive period and individual 

nested in reproductive period as categorical variables. Minimum ambient temperature 

was a covariate. Post-lactating females attain significantly lower body temperatures 

when torpid. 
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Figure 3.3. Examples of thermoregulation by female E. fuscus: A. pregnant, B. 

lactating, C. post-lactating. Temperature readings were taken every 10 minutes while the 

bats was in the roost. The line represents active temperature (Tact), and the arrows 

indicate emergence (E) and return (R). Roost temperature is shown in B and C, but was 

unavailable for A. Note passive rewarming in C. 
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Figure 3.4. Frequency of torpor use by adult female E. fuscus across all reproductive 

stages. The number of bat-days are in parentheses. 
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than pregnant bats did. Thirty-five percent of 58 torpor-days involved deep torpor 

during pregnancy, 9% of 44 for lactating bats, and 34% of 88 for post-lactating bats. 

Lactating bats used deep torpor less often than other females (x = 9.1, df = l,p = 0.003). 

A different picture emerges when number of minutes in torpor is analyzed, rather 

than percentage of days. I calculated minutes of daily torpor using 173 bat-days (73 

pregnancy days, 46 lactation days, 54 post-lactation days). The amount of time spent in 

torpor differed with reproductive stage (ANCOVA, F2 B9 = 3.9, p = 0.02), with post-

lactating females using torpor significantly longer than pregnant females (Tukey's 

pairwise comparison p < 0.001) and lactating bats (p = 0.02). In this model, minimum 

ambient day temperature accounted for a significant amount of variation (Fi,i39= 17.2, p 

< 0.001), as did time monitored (Fi,i39 = 17.3, p < 0.001) and individual nested in 

reproductive stage (F27,io4 = 3.5, p < 0.001). There was also a significant interaction 

between stage and minimum ambient day temperature (F2J39 = 4.8, p = 0.01), with 

pregnant and post-lactating females using more torpor in colder ambient conditions, but 

lactating females using a similar amount of torpor regardless of Tamb. For 136 torpor-

days, I calculated minutes spent in shallow and deep torpor, and found that time in 

shallow torpor did not differ between the reproductive stages (ANCOVA F2,io6 = 1.3, p = 

0.3), with most of the observed variation explained by individual nested in reproductive 

stage (F27,io6 = 2.6 p < 0.001). Ambient temperature and total time monitored did not 

explain a significant portion of the variation and were removed from the model. The 

number of torpor-minutes in deep torpor differed between the reproductive stages 
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(Kruskal-Wallis = 10.8, df = 2, p = 0.005), with pregnant (47 torpor-days), lactating 

(40) and post-lactating (49) E. fuscus using deep torpor on average 184 ± 51, 21 ± 14, and 

100 ± 24 minutes per torpor-day, respectively. All two-way comparisons were 

significant. 

Finally, I quantified the use of torpor by combining both depth and duration into 

one unit, °C*min. I used 158 bat-days (64 pregnancy days, 42 lactation days, 52 post-

lactation days), and calculated the area under the Tact line on a Tb versus time graph (as 

outlined above). Degree-minutes varied significantly (Fig. 3.5) with reproductive stage 

(ANCOVA F2.128 = 7.7, p < 0.001), minimum ambient day temperature (F1128 = 27.7, p < 

0.001), and individual nested in reproductive stage (F24,i28 = 2.7, p < 0.001) accounting 

for most of the variation. Post-lactating E. fuscus had significantly more °C*min of 

torpor than pregnant (Tukey's pairwise comparison p < 0.001) or lactating (p = 0.004) 

individuals. There was a significant interaction between reproductive stage and Tamb 

(F2,i24 = 9.4, p < 0.001), with pregnant and post-lactating females using more torpor in 

colder ambient conditions, but lactating females using a similar amount of torpor 

regardless of Tamb. 

In summary, when depth and duration were considered together (°C*min), 

pregnant and lactating bats used torpor to the same extent, and significantly less than 

post-lactating bats. Duration, depth and frequency (% bat-days) of torpor were also 

measured and analyzed separately. When all bat-days were considered, time in torpor 
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Figure 3.5. Adjusted least squares means (± SE) for degree-minutes of torpor used by 

pregnant, lactating, and post-lactating E. fuscus. The A N C O V A model included 

reproductive stage, individual nested in stage, minimum ambient temperature (covariate), 

and the interaction between stage and ambient temperature. Females during post-

lactation differ significantly from the other two stages. 



was the same for pregnant and lactating bats, and was significantly lower than for post-

lactating bats. When only torpor-days were considered, all bats used shallow torpor for 

the same amount of time, but pregnant bats used deep torpor more than post-lactating 

bats, who used it more than lactating bats. A comparison of proportion of days in which 

torpor was used, indicated that post-lactating and lactating bats used torpor to the same 

extent, and more than pregnant bats. Post-lactating and pregnant bats used deep torpor 

more often (% bat-days) than did lactating bats. Relative to ambient conditions, post-

lactating bats achieved significantly lower minimum TVs than other females. 

Crevices 

Microclimate varied depending on roost structure (Fig. 3.6). Deep, thick-walled 

crevices retained heat and roost temperature was less variable (Fig. 3.6A) than in shallow, 

thin-walled roosts (Fig. 3.6B) in which roost temperature fluctuated with ambient, and 

reached temperatures considerably in excess of ambient (Fig. 3.6C). I compared 

microclimate for 3 roost types: slabs (n = 4), cracks (n = 5) and holes/tubes (n = 4). All 

13 roosts were located on the NW side of the river, and the comparison was made for 

data from 16 August only. Type (ie. slab, crack, hole/tube) was a categorical variable, 

and opening area was a covariate. I used ANCOVA to determine whether crevice type 

influenced maximum day temperature and time to reach maximum temperature. Opening 
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Figure 3.6. Temperatures inside roosts of E. fuscus: A) a deep erosion tube, B) a shallow 

thin-walled slab roost, and 3) a comparison of the the two roost types (C). Roosts were 

unoccupied. 
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size did not explain a significant portion of the variation (Fi 9 = 0.48, p = 0.5). For 

maximum day temperature, type explained a significant amount of variation (F2,9 = 8.86, 

p = 0.008). Slab roosts had significantly higher maximum temperatures compared to 

crack roosts (Tukey's pairwise comparison p = 0.008) and hole/tube roosts (p = 0.03). 

Type of roost did not explain the variation in time to maximum temperature (F2,9 = 0.33, 

p = 0.7). 

I identified 72 rock-crevice roosts used by the E. fuscus maternity colony, and 

measured microclimate for 37 of them. I also measured microclimate in 15 randomly 

selected rock crevices. I determined the effect of depth and opening size on crevice 

microclimate by performing multiple linear regression analyses (with step-wise 

elimination) using the appropriate ambient temperature (Tamb) as a covariate in each 

model (Table 3.1). I performed separate linear regressions for maximum (MXDT) and 

minimum day (MNDT) and night (MXNT, MNNT) temperatures, time to reach 

maximum crevice temperature (MINS), and crevice temperature range (CRNG). The 

deeper the crevice, the cooler it remained during the day (MXDT and MINS), the warmer 

it stayed at night (MNNT) and at dawn (MNDT), and the less its temperature fluctuated 

(CRNG). The smaller the opening size, the warmer the crevice during the day (MXDT), 

and after sundown (MXNT; Table 3.1). 

At the onset of post-lactation, females began roosting on both sides of the river 

(having roosted only on the NW side during pregnancy and lactation). Crevices on the 
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Table 3.1. Results of multivariate regression analyses of crevice microclimate 

properties. Minimum night temperatures (MNNT), minimum day temperatures (MNDT), 

maximum day temperatures (MXDT), maximum night temperatures (MXNT), daily 

ranges of crevice temperatures (CRNG), and times to reach maximum roost temperature 

(MINS) were independent variables. In each regression model the appropriate ambient 

temperature (Tamb), roost depth and roost opening size were included. The results of step

wise elimination, and the final regression model are presented. 

Test 2 

Statistic p 

Test 

Statistic 
R 2 

MNNT=8.4 + 0.03(Depth) + 0.7(Tamb) 
Regression F^g = 16 < 0.001 0.39 

MXNT=10 - 0.005(Open. size) + 
0.7(Tamb) 

Constant t = 4.3 < 0.001 

Depth t = 2.1 0.042 

T ^ t = 5.1 <0.001 

MNDT=7.8 + 0.03(Depth) + 0.7(Tamb) 
Regression F2,49 = 17 < 0.001 0.41 

Regression F2j49 = 42 < 0.001 

Constant t = 6.1 < 0.001 

Open. Size t =-2.6 0.011 

Tamb t = 8.5 < 0.001 

CRNG=6.6 - 0.08(Depth) -

0.63 

Constant t = 4.1 < 0.001 

Depth t = 2.0 0.046 

Tamb t = 5.3 <0.001 

MXDT=15 - 0.05(Depth) -

0.4(RangeTamb) 

0.008(Open. size) + 0.6(Tamb) 

Regression F3,48 = 8.7 < 0.001 0.36 

Regression F2.49=6.1 0.004 

Constant t = 1.9 0.064 

Depth t = -2.7 0.032 

RangeTamb t = 2.2 0.032 

MINS = 515 + 2.1 (Depth) 

0.19 

Constant t = 2.8 0.007 

Depth t = -2.1 0.039 

Open. Size t = -2.0 0.046 

Tamb t = 3.5 0.001 

Regression Fi,50 = 8.9 0.004 

Constant t = 14.7 < 0.001 

Depth t = 3.0 0.004 

0.15 
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two sides of the river differed in microclimate. Crevices on the NW side of the river 

were significantly warmer at 0900 h than those on the SE side (ANCOVA; side of river, 

Fi,33 = 37.2, p < 0.001). This difference was not influenced by the time of year (prior to 

29 July versus after 29 July; F133 = 6.2 x 10"7, p > 0.5), or pair (i.e. similar crevices on 

either side of the river were one pair; F6,33 = 1.52, p =0.2). I controlled for comparisons 

on different days by including maximum and minimum Tamb as covariates in the model 

(max. Tamb, F1;33 = 3.67, p = 0.06; min. Tamb, FU3 = 22.03, p < 0.001). The MXDT in 

crevices on opposite sides of the river was not significantly different (Fj 33 = 1.86, p = 

0.2) nor was MINS (F,;35 = 1.67 p = 0.2). 

I compared the microclimate of pregnancy, lactation and post-lactation roosts for 

differences in MXDT, MNDT, MXNT, MNNT, MINS and CRNG. I also compared 

temperature elevation above minimum ambient (ELEV; Table 3.2). Pregnancy, lactation 

and post-lactation roosts differed significantly in dawn temperatures (MNDT) and 

temperature at emergence (MXNT), and they differed in the length of time after sunrise 

when maximum roost temperature was reached (MINS). In all ANCOVAs, lactation 

roosts differed from pregnancy roosts. At dawn (Tukey's pairwise comparison, p = 0.03) 

and at time of emergence (p = 0.02), lactation roosts were significantly warmer than 

pregnancy roosts, and they took significantly longer to reach maximum temperature (p = 

0.03). Post-lactation roosts were significantly warmer than pregnancy roosts at time of 

emergence (p = 0.03). 
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Table 3.2. Results of A N C O V A models describing microclimate of E. fuscus roosts: 

maximum day temperature (MXDT), minimum day temperature (MNDT), maximum 

night temperature (MXNT), minimum night temperature (MNNT), time to reach 

maximum temperature (MINS), crevice temperature range (CRNG), and temperature 

elevation above minimum ambient temperature (ELEV). Stage (i.e. pregnancy, lactation, 

post-lactation) was a categorical variable in all ANCOVAs and represented the 

reproductive stage during which the roosts were used. Ambient temperature was initially 

included as a covariate in all models. The asterisks indicate models in which roost 

microclimate differed significantly among reproductive stages. 

Source F P 
M X D T Stage F2,33 = 0.08 0.971 

Ambient Fl,33 = 4.70 0.041 

MNDT Stage F2.33 = 3.64 *0.037 

Ambient Fl,33 = 4.23 0.047 

M X N T Stage F2,33 = 4.82 *0.015 

Ambient Fl,33 = 11.4 0.002 

MNNT Stage F2,33 = 2.87 0.071 

Ambient Fl,33 = 4.91 0.034 

MINS Stage F2,33 = 4.29 *0.002 

M X D T Fl,33 = 9.08 0.005 

CRNG Stage F2,34 = 0.57 0.573 

E L E V Stage F2.33 = 0.94 0.400 

Ambient Fl,33 = 5.77 0.022 
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Relative humidity (RH) data from pregnancy and post-lactation roosts were 

pooled since non-lactating bats should have the same water budgets (Kurta et al. 1989a). 

When compared to RH in lactation roosts, no significant differences were found 

(minimum RH Fij2o = 0.006, p > 0.9; maximum RH F12o = 0.06, p > 0.8), with ambient 

RH accounting for almost all of the variation in the models (min. RH Fi^o = 17-7, p < 

0.001; max. RH F 1,20 = 52.2, p < 0.001). Minimum roost RH was not significantly 

different from minimum ambient RH (roost mean = 28 ± 1 %, ambient mean = 21 ± 1%, 

two-tailed t = 1.27, df = 22, p = 0.2). Maximum roost RH was significantly lower than 

maximum ambient RH (roost mean = 59 ± 3%, ambient mean = 80 ± 4%, t = 10.7, df= 

22, p< 0.001). 

DISCUSSION 

Thermoregulation 

Pregnant and lactating mammals have additional energy expenditures associated 

with reproduction (Racey 1982). Many vespertilionid bats are able to use torpor, an 

energy-saving strategy (Stones and Wiebers 1965), but reproductive females do so only 

with certain costs (McNab 1982), including increased gestation time (Racey 1973, Racey 

and Swift 1981) and decreased milk production (Wilde et al. 1995). The consequences of 

these costs are a decrease in reproductive fitness and possibly survivorship if the 

dependency period is lengthened and the preparation time for hibernation is shortened. 

The result is limited use of torpor by reproductive females (Audet and Fenton 1988. 
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Hamilton and Barclay 1994). My findings support this hypothesis, with reproductive bats 

in different stages using torpor to the same extent, but significantly less than post-

lactating bats. These findings differ from those of Audet and Fenton (1988) who 

concluded that lactating E. fuscus used less torpor than pregnant and non-reproductive E. 

fuscus; however, they used frequency of torpor (% bat-days) as their only measure of 

torpor, and their definition of torpor differed from mine (see below). 

Few studies of torpor in the field have included post-lactating females. Some 

studies compared only pregnant and lactating individuals (e.g. Chruszcz 1999, Grinevitch 

et al. 1995) or, due to sample size, combined data from post-lactating and non-

reproductive females (e.g. Audet and Fenton 1988, Hamilton and Barclay 1994). I was 

able to follow 11 post-lactating females as they spread out in the river valley, enabling 

me to include post-lactating E. fuscus in comparisons of torpor use. I found that they 

used torpor significantly more than pregnant and lactating females. Post-lactating 

females also reached minimum Tb's that were significantly lower than for pregnant and 

lactating females. These findings support the hypothesis that the costs of using torpor are 

lower for females after juveniles are weaned. Post-lactating females still experienced the 

cost of increased predation risk due to decreased mobility (Cossins and Bowler 1987), but 

use of torpor was no longer limited by costs to reproductive success. Post-lactating 

females preparing for hibernation can reserve more energy for the winter period in the 

form of fat by decreasing metabolic rate during the day. 
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Ambient temperatures are important for thermoregulating bats (Studier and 

O'Farrell 1976). For example, one might hypothesize that warm ambient conditions limit 

the ability of lactating females to use torpor: females may be unable to drop into torpor 

due to high Tamt,. My results do not support this hypothesis. Post-lactating and lactating 

E. fuscus were exposed to Tamt,'s that were not significantly different, yet lactating bats 

used torpor, especially deep torpor, less. This finding also supports the hypothesis that 

costs associated with deep torpor are high during lactation. 

Further support for this hypothesis comes from the statistical interaction between 

reproductive stage and ambient temperature. This interaction occurred in analyses of 

covariance for minimum Tb, minutes in torpor, and degree-minutes of torpor. In each 

case, lactating females reacted differently than pregnant and post-lactating females to 

Tamb- Lactating females did not increase their use or depth of torpor when Tamb dropped, 

as pregnant and post-lactating females did. Instead, they defended a higher Tb when Tamb 

was low. This was the case even at equivalent Tamb's. This suggests that extensive use of 

torpor, and use of deep torpor, is most costly to lactating females. Rate of milk secretion 

decreases with use of torpor (Wilde et al. 1999). Extensive periods of torpor when Tamb 

is low would likely result in long periods between pup feedings, which may be 

detrimental to pup growth and survival. Additionally, a lactating female in deep torpor 

would have to spend a great deal of energy arousing periodically (Lovegrove et al. 1999) 

to produce milk and feed pups throughout the day, and energy saved in torpor may not 

balance that spent rewarming. Lactating females also did not decrease use of torpor or 
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depth of torpor when Tamb rose, as pregnant and post-lactating females did. This suggests 

that shallow torpor is important as an energy-saving strategy for lactating females who 

put large amounts of energy into milk production (Kurta et al. 1989b, Studier et al. 1973, 

Wilde et al. 1999). To use torpor when Tamb is high, requires that females choose roosts 

that remain cool during the day. Lactating females selected deeper crevices that 

remained cool for a longer period each day compared with other roosts and randomly 

available crevices (see below). 

As predicted, pregnant and lactating E. fuscus used torpor (°C*min) to the same 

extent, although their patterns of torpor use differed (see below). This is not surprising 

when one considers the energy budgets for each reproductive stage. Pregnant bats were 

exposed to significantly colder Tamb than females during lactation and post-lactation, and 

therefore experienced larger Tamb-Tb differentials when normothermic. A great deal of 

energy would have been expended to maintain normothermic Tb To balance their energy 

budgets, they used torpor. During lactation bats were exposed to significantly warmer 

mean Tamb than during pregnancy, and would have lost less heat to their surroundings; 

however, lactating bats spend significantly more energy on reproduction than pregnant 

bats, because milk-production requires more energy than fetal development (Kurta et al. 

1989b, Studier et al. 1973, Wilde et at. 1999). In laboratory experiments where Tamb was 

controlled, lactating Myotis lucifugus and M. thysanodes maintained lower Tb's than 

pregnant females, suggesting that torpor is important in balancing energy budgets during 

lactation (Kurta 1986, Studier and O'Farrell 1972). 
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Energy savings from torpor depend on the length of time the animal is torpid, the 

roost temperature, and the depth of torpor (ie. how low the Tb is; Hudson 1973). The 

cooler the body (i.e. the closer it is to roost temperature), the greater the energy savings, 

although this follows a diminishing-returns curve (Studier 1981). Deeper torpor provides 

greater energy savings, but shallow torpor is associated with fewer costs. For example, a 

state of deep torpor results in less mobility (Hudson and Scott 1979), requires more 

energy and time for re-warming (Schmidt-Nielsen 1990), and can more severely delay 

fetal development (Racey 1973). Describing torpor as degree-minutes, accounts for 

depth and duration together, however, it is also informative to look at these aspects 

separately. 

Thermoregulatory patterns become evident when all measures of torpor 

(frequency, time, depth and degree-minutes) are viewed together. Patterns were different 

for the females in the three reproductive stages. Pregnant and lactating E. fuscus accrued 

a similar number of degree-minutes, but time in deep torpor was greater for pregnant 

females, and torpor occurred on fewer days than during lactation. Lactating E. fuscus 

used torpor on a similar proportion of days as post-lactating individuals did, but post-

lactating females accrued greater energy savings because more minutes each day were 

spent in torpor and this torpor was deeper. Additionally, when torpid, post-lactating E. 

fuscus achieved lower Tb's than either lactating or pregnant females, despite the fact that 

post-lactating bats experienced similar Tamb as lactating females, and warmer Tamb than 

pregnant females. Post-lactating females spent less time per torpor-day in deep torpor 
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than pregnant individuals did, but their Tb's dropped lower, and they were torpid on a 

greater proportion of days. These thermoregulatory patterns suggest that pregnant and 

lactating bats experienced a similarly high cost:benefit ratio regarding torpidity and 

therefore limited their use of torpor compared to post-lactating females. 

My findings highlight the importance of describing torpor comprehensively, and 

the necessity of using standardized methods for reporting use of torpor across species and 

studies (Barclay et al. submitted). Comparison between bat thermoregulation studies can 

be difficult owing to different definitions of torpor, different baseline measurements, such 

as Tact, and different ways of quantifying torpor (Barclay et al. submitted). Restricting 

the definition of torpor to a set Tb such as <31 °C (Hudson 1978), or defining torpor in 

relation to Tamb (Audet and Fenton 1988), may overlook energy savings from small 

decrements in Tb. Different methods of quantifying torpor can produce different 

conclusions about torpor use; for example, had I looked exclusively at the proportion of 

days on which torpor was used, I would have misleadingly concluded that pregnant bats 

used torpor less than lactating bats, and that lactating and post-lactating bats used torpor 

to the same extent (compare Figs. 3.4 and 3.5). However, by considering the frequency 

measurement of torpor together with depth and duration, thermoregulatory patterns 

become evident and I conclude that pregnant and lactating bats used torpor to the same 

extent overall, but that their patterns of use differed. I suggest that comparisons of torpor 

based on frequency, time, or depth alone can be misleading, or at least incomplete. 

However, together with degree-minutes, they provide a complete picture of 



thermoregulatory patterns, and the comprehensive °C*min unit allows for easy 

comparison between studies and species. 

There have been few non-laboratory thermoregulatory studies of reproductive 

bats (Audet and Fenton 1988, Grinevitch et al. 1995, Hickey and Fenton 1996, Hamilton 

and Barclay 1994), and none have fully described thermoregulatory patterns. Because I 

used the same definitions of torpor and Tact as Hamilton and Barclay (1994), I can 

compare the use of torpor between the building roosting maternity colony of E. fuscus in 

that study and the rock-roosting colony in my study. Extensive comparisons between 

these two maternity colonies are presented in Chapter 4. Frequency of torpor (% bat-

days) was the measure of torpor presented by Hamilton and Barclay (1994), and there 

were no significant differences between the two colonies when compared using this unit 

(Chapter 4). Results from my study differ from those of Audet and Fenton (1988), who 

found that frequency of torpor (% bat-days) by a building-roosting maternity colony of E. 

fuscus was greater in pregnancy than in lactation, leading to the conclusion that lactating 

bats use torpor less than pregnant bats. One possible explanation for the different 

findings between studies is a geographical one; E. fuscus in southern Alberta experience 

dry ambient conditions and therefore, individuals may use torpor as a water-saving 

strategy to compensate for evaporative water loss during lactation when water loss is 

most taxing. However, I propose that the difference in findings between studies has more 

to do with different definitions and measurements of torpor. Audet and Fenton (] 988) 

defined torpid versus non-torpid bats in relation to Tamb; to be considered torpid, 
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individuals had to fulfd one of the following criteria: 1. Tb within 5°C of Tamb when Tamb 

was less than 25°C, or 2. Tb varied passively with Tamb- With this definition, some 

individuals with Tb's as much as 10°C below normothermic levels were not considered to 

be in torpor. Drops in Tb when Tamb was >25°C were not classified as torpor. Because 

energy savings derive from slowed metabolism caused by a drop in Tb (Schmidt-Nielsen 

1990), I suggest it is important to consider all body cooling, regardless of Tamb. A drop in 

Tb of only a few degrees can result in large energy savings (Studier 1981), and should 

therefore be included in all calculations of torpor. I suggest that frequency of torpor, 

especially during warmer periods in the reproductive season, was under-represented by 

Audet and Fenton (1988). Additionally, frequency of torpor (% bat-days) alone may not 

provide an accurate picture of torpor use. 

I predicted, based on the findings from Chruszcz (1999), that rock-roosting E. 

fuscus would use torpor more than that previously reported (for building populations). 

Chruszcz (1999) found that M. evotis in the rock crevices of the Bindloss area used torpor 

every day. However, I found that reproductive E. fuscus did not use torpor every day and 

were torpid on the same proportion of days as reproductive E. fuscus roosting in a 

building (Chapter 4). The consistent use of torpor employed by M. evotis therefore seems 

to be species-specific rather than being a feature shared by other rock-roosting bat 

species. Myotis evotis weighs ca. 7 g, less than half of that of E. fuscus, and individuals 

tend to roost solitarily (Chruszcz 1999). With more surface area for heat and water loss, 

M. evotis may be forced to use torpor each day to balance their energy and water budgets. 



It is possible that torpor-related costs do not impact the reproductive fitness of M. evotis 

females as greatly as they do for E. fuscus, because a smaller offspring is being produced 

and thus less time is required for growth and development. 

Roost selection 

Female E. fuscus select rock crevices with certain physical attributes, such as 

small opening sizes (especially during post-lactation), large distances to level ground 

above, and deep crevices (during lactation; Chapter 2). Some preferences might be in 

response to predation risk and group size (Chapter 2), but they may also reflect thermal 

preferences. Crevice structure can influence microclimate (this study, Chruszcz 1999, 

Vaughan and O'Shea 1976, Williams and Brittingham 1997), and roost microclimate is 

an important factor in roost selection (Chruszcz 1999. Humphrey 1975, Kunz 1982, 

Lewis 1996, McNab 1982, Vonhof and Barclay 1997). 

Microclimatic conditions of natural roosts are often difficult to obtain (Kunz 

1982, Nagorsen and Brigham 1993), and as such, few studies (Chruszcz 1999, Herreid 

1963, Kalcounis 1995, Lacki et al. 1994, Tuttle and Heaney 1974, Vaughan and O'Shea 

1976) have examined conditions in non-building maternity roosts. Herreid (1963) found 

nursery caves of Tadarida brasiliensis mexicana had stable microclimates, with 

temperatures fluctuating less than ambient, and humidity generally higher than ambient. 

Kalcounis (1995) reported that tree cavities occupied by reproductive E. fuscus were 

cooler than ambient during the day, but warmer than ambient at night. In cool spring 
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weather, Antrozous pallidus selects thin-walled rock-crevice slab-roosts that fluctuate 

with Tamb, but in the summer during lactation, they select deeper crevice roosts that offer 

more stable temperature regimes (Lewis 1996,Vaughan and O'Shea 1976). Similarly, 

Chruszcz (1999) found that in cool spring weather, pregnant M. evotis roosting in my 

study area used thin-walled boulder-slab roosts that were more responsive to Tamb, while 

thicker-walled vertical boulder cracks with more stable thermal regimes were preferred 

by lactating M. evotis in the hotter summer weather. 

My study confirms that rock crevices of different structure differ in microclimate. 

For example, rock-slab roosts with thin walls were very warm during the day, sometimes 

reaching temperatures in excess of 50°C (Fig. 3.6). Temperatures greater than 35°C can 

cause heat stress in E. fuscus (Herreid and Schmidt-Nielsen 1966). Roost temperatures of 

deep erosion tubes fluctuated less and retained heat (Fig. 3.6). Despite this difference in 

temperature between different shaped rock-crevice roosts, E. fuscus females did not 

select rock-crevice roosts based on type (i.e. crack, slab, tube/hole; Chapter 2). However, 

roost shape is not the only determining factor of microclimate; depth and opening size 

influence microclimate and may be more important selection criteria than crevice shape. 

Deeper crevices remained cooler during the day, did not cool as much at night, 

were warmer in the morning, and were more thermally stable than shallow crevices. 

Chruszcz (1999) came to these same conclusions by comparing deep and shallow points 

in rock-crevice roosts used by pregnant and lactating M. evotis. The deeper parts of deep 

roosts fluctuate less with ambient (Fig. 3.6A and 3.6C; see also Chruszcz 1999), and deep 
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roosts provide a gradient of thermal conditions that allow for behavioural 

thermoregulation (Chruszcz 1999, Hamilton and Barclay 1994, Vaughan and O'Shea 

1976). In my study, crevices with large openings remained cooler in the day and cooled 

quickly after sunset, likely because of increased airflow (Table 3.1; see also Rosenburg 

1974). 

Because thermoregulatory patterns differ significantly between reproductive 

stages, E. fuscus should select different thermal properties in rock-crevice roosts at each 

stage. Lactation roosts were insulating, trapping warmth for non-volant pups which are 

left behind in roosts at night, and remaining cool during the day thus preventing heat 

stress and allowing for periods of shallow torpor even when Tamb is high. Because 

lactation is energetically costly (Kurta et al. 1987, Studier et al. 1973), and energy 

conservation is important for maintaining milk-production (Wilde et al. 1995), shallow 

torpor seems to be important. A roost that remains warm provides an environment more 

conducive to juvenile growth (Humphrey et al. 1977, McNab 1982, Tuttle and Stevenson 

1982, Zahn 1999), and decreases the energy expended by both pups and mothers that are 

defending Tb (Studier and O'Farrell 1976), or using only shallow torpor. Pregnant and 

post-lactating females were found in roosts that were cold for the first part of the day but 

heated up later on, thereby facilitating use of deep torpor in the morning, and minimizing 

heat loss in the afternoon when the bats were not torpid (Studier and O'Farrell 1976). 

Further energy savings would be realized through passive rewarming (e.g. Fig. 3.3c), 
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since active rewarming for a torpid individual is energetically expensive (Lovegrove et 

al. 1999). 

With the onset of post-lactation, E. fuscus started roosting on both sides of the 

river. Crevices on the two sides of the river differed in aspect (crevices on the NW side 

faced southeast, and crevices on the SE side faced south and west; Chapter 2), and 

microclimate differed. Throughout the study period, crevices on the NW side were 

warmer at 0900 h than those on the SE side, presumably because of exposure to sunlight 

earlier in the morning. During pregnancy and lactation, when torpor is most costly 

(Racey 1973, Wilde et al. 1999) and used less, E. fuscus females roosted exclusively on 

the NW side of the river. Roosting on the SE side at the onset of post-lactation coincided 

with an increase in use of torpor. A roost that is colder in the morning allows for deeper 

daily torpor and greater energy savings in preparation for hibernation. 

In an arid environment such as my study area, evaporative water loss (EWL) may 

be large, and roost relative humidity (RH) may be an important factor influencing roost 

selection (Baudinette et al. 1994, 2000, McNab 1982, Webb et al. 1995). All E. fuscus 

roosts were located close to water (Chapter 2) and I observed E. fuscus swooping at the 

river just after emergence, presumably to drink (unpublished data). If water was limiting, 

lactating females that lose additional water in milk (Kurta et al. 1989a, 1990, Soholt 

1977) should have selected roosts with higher RH to minimize EWL. However, I found 

no significant differences in roost humidity for pregnant, lactating and post-lactating E. 

fuscus. I also found that on average, all roosts had lower maximum RH than ambient. 
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This is in direct contrast to cave/tunnel roosts which are typically more humid than 

ambient conditions (Gaur 1980, Herreid 1963). However, I made RH measurements in 

unoccupied roosts, and sensors were close to roost openings. Because bat presence can 

increase the RH of roosting microclimate (Studier et al. 1970), and because deeper cooler 

parts of roosts tend to have higher RH (Baudinette et al. 1994, Churchill et al. 1997), RH 

values I measured may not have accurately reflected roosting conditions. Relative 

humidity has been identified as an important criterion for roost selection in some studies 

(eg. Baudinette et al. 1994), but not in others (this study, Fenton 1970, Twente 1955, 

Williams and Brittingham 1997), and may be more important for selection of hibernacula 

where long periods of dormancy threaten water balance (Beer and Richards 1956, 

Herreid and Schmidt-Nielsen 1966). 

In summary, rock-roosting E. fuscus used torpor less during pregnancy and 

lactation compared with post-lactation, and post-lactating bats reached the lowest mean 

Tb's. This is consistent with the hypothesis that costs of torpor for reproductive females 

outweigh the benefits of energy savings. While pregnant and lactating bats used torpor to 

the same extent overall (°C*min), thermoregulatory patterns differed, suggesting that the 

costs of using deep or prolonged periods of torpor may be higher for lactating females. 

Rock crevices selected as roosts by E. fuscus differed in thermal regime from what was 

randomly available. Selection criteria for rock-crevice roosts differed with reproductive 

stage, and roost microclimate reflected the observed thermoregulatory patterns. This 
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suggests that roost selection has important fitness consequences for reproductive females, 

and that not all rock crevices are equal in quality. 
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CHAPTER 4 

A comparison of thermoregulation and roost microclimate for two maternity colonies of 

big brown bats (Eptesicus fuscus) in southeastern Alberta: 

building vs. rock-crevice roosts 

Abstract 

I studied a maternity colony of big brown bats, Eptesicus fuscus, roosting in rock 

crevices along the South Saskatchewan River in southeastern Alberta. I documented 

thermoregulatory patterns, and roost microclimate for pregnant, lactating and post-

lactating females. I compared my thermoregulatory data for pregnant and lactating 

females to those reported by Hamilton and Barclay (1994) and to minimum body 

temperatures of female E. fuscus roosting in the attic of a building ca. 75 km upriver 

(collected by I. Hamilton in 1991-1993). I measured microclimate in this building roost 

and compared these data with microclimates of rock-crevice roosts. I found that the 

building-roost offered warmer conditions than the rock-crevice roosts, creating conditions 

more conducive to juvenile growth. Frequency of torpor (% of bat-days) between the 

two locations was the same, but attic-roosting bats used deep torpor more frequently 

during pregnancy than did rock-roosting bats, and had lower minimum mean body 

temperatures than rock-roosting bats throughout the reproductive season. Eptesicus 

fuscus roosting in the warm attic conditions and using deep torpor to a greater extent, 

would have realized greater energy savings than E. fuscus roosting in cooler rock crevices 
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maintaining higher body temperatures when torpid. I suggest that rock-roosting E. fuscus 

maintain higher body temperatures despite colder roosting conditions to remain vigilant. 

A number of predators were observed around the rock crevices, and a bull snake 

consumed two roosting radio-tagged E. fuscus. Predators were not observed in the 

building roost located in the city of Medicine Hat. Therefore, E. fuscus roosting in 

buildings may have a three-fold advantage over E. fuscus roosting in natural rock 

crevices: lower predation risk, higher juvenile growth rates, and increased energy 

savings. These results suggest that building populations of bats may experience greater 

fitness than those in natural roosts. 

INTRODUCTION 

Many species of bats roost in buildings (Kunz 1982). In some areas of the world, 

certain species are found almost exclusively in buildings, while in other areas they still 

occupy natural roosts such as tree cavities and rock crevices. In North America, three 

species of bats (Eptesicus fuscus, Myotis lucifugus, M. yumanesis) have adapted so well 

to roosting in man-made structures, that there are relatively few records of them from 

natural roosts (Kunz 1982). There is debate about whether buildings offer better roosting 

conditions for bats, or whether elimination of natural roosts has necessitated the 

exploitation of man-made structures (Kunz 1982), with natural roosts, when available, 

being preferred to man-made ones (Brigham 1991, Gaisler 1963). Use of buildings in 

North and Central America has allowed some bat species to increase in abundance, and 



extend their distribution to otherwise uninhabitable regions (Davis et al. 1962, Fenton 

1970, Kunz 1982, Wilson 1971). 

Why do some bat species roost in buildings? What advantages, if any, do bats 

roosting in buildings have over those roosting in naturally occurring structures? What are 

the fitness consequences of roosting in buildings, and what impact does this have on 

population dynamics and reproduction? To understand why bats roost in buildings, one 

must understand the physiological requirements of bats, determine what role roost 

conditions play in meeting these requirements, compare naturally occurring roosts to 

man-made ones, and contrast the behaviours of bats roosting in artificial and natural roost 

environments. 

Bats have large surface-area:volume ratios and thus tend to lose heat rapidly. 

This means that energy spent to maintain normothermic body temperatures during the 

day can be significant (Hill and Smith 1984). Flight is also energetically expensive and 

prevents extensive body fat accumulation (Altringham 1996). Some bats, especially 

those living in temperate climates, have evolved the ability to use torpor as an energy-

saving mechanism (Stones and Wiebers 1965). Torpor requires that roost temperatures 

be below the thermal neutral zone of the individual so that the body will cool and 

metabolic rates will slow (Schmidt-Nielsen 1990). However, using torpor also involves 

costs, including decreased movement and vigilance, and, for reproductive females, 

slowed fetal growth and milk-production which can lead to decreased reproductive 

fitness in a temperate climate where the reproductive season is short and preparation for 



78 

hibernation is important (Altringham 1996, Racey 1973, Wilde et al. 1995). Despite 

these costs, torpor, as both an energy-saving and water-saving strategy, may be important 

to pregnant and lactating bats, as females expend most energy when reproductive (Kunz 

1980). and during lactation they lose additional water via milk export (Kurta et al. 

1989a). Reproductive bats should therefore balance their use of torpor with other energy-

and water-saving strategies, such as roosting in micro-environments that are warm and 

humid to minimize heat and water loss when not using torpor. A warm roost also 

promotes juvenile growth (Zahn 1999). 

During the summer, temperate-zone bats spend over 70% of their time in a roost, 

and selection of a roost with appropriate attributes is therefore likely important (Chapters 

2 and 3). Buildings selected by bats as roosts have certain attributes that set them apart 

from other buildings (Entwistle et al. 1997, Williams and Brittingham 1997). In the 

absence of man-made structures on the prairies, big brown bats (Eptesicus fuscus) roost 

in naturally-occurring rock crevices selected on the basis of dimensions, orientation, 

aspect, and microclimate. The preferred attributes, and the use of torpor, vary with 

reproductive stage (Chapters 2 and 3). However, what attributes differ between building-

and rock-crevice roosts? 

The purpose of this study was to compare natural to man-made roost structures by 

comparing a maternity colony of E. fuscus roosting in a building to one roosting in rock 

crevices ca. 75 km downriver. I describe differences in roost microclimate and use of 

torpor, and suggest possible consequences of these differences. 
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METHODS 

Study Species 

Eptesicus fuscus, the big brown bat, is widespread across much of North America 

(van Zyll de Jong 1985). Individuals weigh ca. 18 g, have a mean forearm length of 47.4 

mm (van Zyll de Jong 1985), and feed on flying insects. Parturition occurs in late June or 

early July, and in western North America most females give birth to one young (van Zyll 

de Jong 1985). During the summer months, adult females roost in maternity colonies 

ranging in size from 5 to 700 individuals (Kurta and Baker 1990), but most colonies 

average less than 100 (van Zyll de Jong 1985). Natural roost sites for this species include 

rock crevices and tree hollows, but E. fuscus is also one of the most common species 

found in buildings (van Zyll de Jong 1985). 

The maternity colony of E. fuscus that I studied in the Bindloss area (see below) 

consisted of ca. 34 adult females. They roosted in rock crevices that averaged 203 ± 25 

(SE) cm in opening size and 47 ± 4 cm deep, had entrances in substrate with a mean 

slope of 85 ± 4°, and a mean aspect of 128 ± 9°, were 6.3 ± 1.2 m from level ground 

above and 4.2 + 0.6 m from level ground below, and were oriented diagonally or 

vertically. Some of these crevice attributes differed with reproductive stage, and not all 

were different from what was randomly available to them (Chapter 2). 
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Study Sites 

Bindloss 

From 7 May through 26 August 2000,1 collected roost microclimate and E. 

fuscus thermoregulation data at a site along the South Saskatchewan River Valley (N 

50°38', W 110°11'; 620 m asl) approximately 25 km southeast of the town of Bindloss, 

AB. The terrain consisted of eroded sandstone cliffs and hoodoo formations in the valley 

(badlands features), and level grasslands above. There are no buildings within 5 km of 

the study area (Holloway 1998). With the exception of several scattered clusters of 

cottonwoods (Populus spp.) found close to the river's edge, the study area is also devoid 

of trees. Crevices exist in the two types of rock making up the valley: cemented 

sandstone (hard boulder material) and non-cemented sandstone (solidified mud/sand 

which erodes easily). The climate is arid with rainfall averaging 12.7 cm (Environment 

Canada 1990) between June and August. Mean daily minimum and maximum 

temperatures during the study period were 9.7°C/24.1°C in June, 15.3°C/31.3°C in July, 

and 13.7°C/28.8°C in August. Long term values are: 9.9°C/24.5°C in June, 

12.0°C/27.5°C in July, and 10.7°C/26.8°C in August (Environment Canada 1990). 

Medicine Hat 

I monitored microclimate in Elm Street School (ESS; N 50° 02' 03.5", WHO0 

39' 33.6") in the city of Medicine Hat, AB. The building is located in a residential area 

of the city on the floodplain of the South Saskatchewan River 75 km upriver of the 
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Bindloss study site. The building is ca. 1 km from the river, where the valley consists of 

sandstone with eroded rock cavities, similar to the Bindloss study site. The attic of this 

old (early 1900's) red-brick building houses a maternity colony of more than 100 female 

E. fuscus for May through August each year, and is also occupied by a small number of 

male E. fuscus. The attic has no windows, and ranges in height from ca. 2 - 6 m. 

Medicine Hat, like the Bindloss area, is arid, averaging 14 cm of precipitation from June -

August. Daily mean minimum and maximum temperatures during the study period were 

10.1°C/ 25.0°C in June and 15.2°C/ 33.4°C in July (means not available for August). 

Long term values are: 10.1°C/24.0°C in June, 12.2°C/27.3°C in July, and 11.4°C/26.8°C 

in August (Environment Canada 1990). 

Captures and Radio-telemetry 

I captured bats on a regular basis (ca. once per week) in Bindloss, and 

occasionally (ca. once every three weeks) in Medicine Hat. I captured bats by placing 

mist-nets across coulees and between hoodoo formations in flyway areas (Bindloss) or 

taking bats from rafters accessed by ladder (Medicine Hat). In Bindloss, once I located a 

roost site, netting activity was concentrated near it. Adult bats were distinguished from 

juvenile bats by examining the joints in the fingers; adults have fully ossified epiphyses 

(Anthony 1988). For pups less than ca. 10 days of age, I estimated age based on growth 

of the forearm, using methods outlined in Holroyd (1993). The ages of older pups were 

determined using age-predictive equations from Hamilton (1996). In doing so, I made 
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the assumption that growth rates between the Bindloss and ESS E. fuscus were 

equivalent, and similar to growth rates measured in 1994 in the ESS E. fuscus. I 

classified females as non-reproductive, pregnant, lactating, or post-lactating (Racey 

1988). By gently palpating the abdomen I could determine pregnancy. In Bindloss, 

pregnancy was confirmed by subsequent recapture of all but two bats later in the season. 

I confirmed lactation by expressing milk from enlarged teats. Post-lactating females had 

hair regrowth around the periphery of the teats, and I was unable to express milk. I 

placed numbered, coloured plastic split-bands onto one forearm of each individual for 

identification. 

In Bindloss, temperature-sensitive radio-transmitters (Holohil Systems, Carp, ON) 

weighing 0.7 g were attached to reproductive females to locate roosts and monitor skin 

temperature. Attachment procedures involved trimming the fur between the shoulders 

and using Skinbond® surgical adhesive (Smith and Nephew United, Inc., Largo, FL). As 

recommended by Aldridge and Brigham (1988), transmitter mass was less than 5% of a 

bat's body mass. 

Body temperatures (Tb's) of the bats were monitored in two ways: manually and 

automatically. The latter method involved using a LOTEK SRX 400 (Lotek Engineering 

Inc., Newmarket, ON) scanning receiver which recorded bat temperatures every 10 

minutes. The receiver recorded the amount of time necessary for the transmitter to 

produce 3 pulses, and used transmitter-specific calibration curves (provided by Holohil 

Systems Ltd.) to determine Tb. Occasionally manual temperatures were taken using a 
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Merlin 12 receiver. In this case I used a stopwatch to time the time taken for 10 pulses; 

after averaging 3 sets of 10 pulses, I used the calibration curve to determine skin 

temperature. Skin temperature measured using these methods accurately reflects core Tb 

(Audet and Thomas 1996, Barclay et al., 1996). 

Using a Merlin 12 receiver in Bindloss, I located roosts during the day on each 

day that an individual carried an active tag. I accessed roosts by climbing, or using 

ladders or ropes. Roosts were observed at emergence to confirm exit(s) and count bats. 

I measured ambient and roosts conditions using two types of dataloggers: 

Thermochron iButtons ®, Model DS1921 (Dallas Semiconductor Corp., Dallas, TX) and 

HOBO Loggers® (Onset Computer Corporation, Pocasset, MA). HOBO Loggers 

recorded temperature (+0.7°C) and relative humidity (RH; +5%). In Bindloss, two 

HOBO Loggers were encased in solar radiation shields to record ambient conditions. 

Roost sensors were placed as far into crevices as possible, and were placed where bats 

had been roosting, if this position was known. In many cases crevices were too narrow to 

place a HOBO Logger deep into the crevice where bats were roosting, so I extended an 

external sensor cable into the back part of the crevice to measure temperature only. Thus 

many of the RH readings were made near roost openings, and may not accurately reflect 

actual roost conditions. To eliminate the potential problem of bats roosting on sensors in 

the Bindloss roosts, data obtained during the occupancy period were not used for 

statistical analyses. All sensors recorded conditions every 10 min. 
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Dataloggers were placed in the ESS attic at 6 locations: four in the east end and 

two in the west end. Each location was known to be a common roosting site within the 

attic as evidenced by large guano accumulations on the floor and previous studies 

(Hamilton and Barclay 1994). Sensors were placed adjacent to the known roosting sites 

so that measurements would reflect conditions unaltered by bats roosting directly on the 

sensors. At least 3 sensors remained in place from May through August. Sensor height 

varied from 2.4 - 6.0 m above the attic floor. A radiation shield with a HOBO Logger 

was attached to the outside of the school to monitor ambient conditions. 

Statistical Analyses and Defining Terms 

I transformed data (eg. logic squaring, cubing, square root, etc.) to meet 

assumptions of normality and variance homogeneity. I used an alpha value of 0.05 and 

present means ± standard error. T-tests and ANCOVAs were performed using SYSTAT 

7.0.1 for Windows. Chi-squared and Fisher's Exact tests were performed using Statistix 

4.1. Yates correction factor was applied to all chi-squared tests with one degree of 

freedom (Zar 1984). 

I describe roost microclimate using RH whenever possible and several measures 

of temperature. Time to reach maximum temperature (MINS) is the number of minutes 

after sunrise the roost took to reach maximum temperature for the day. Range of roost 

temperature (RRNG) is the maximum minus the minimum day temperatures, and ELEV 

is the number of degrees the minimum roost temperature was above minimum ambient. 
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For statistical analyses, three readings of ambient and roost temperatures were used for 

each day: 1. minimum night temperature (MNNT, usually at civil morning twilight), 2. 

minimum day temperature (MNDT, ca. at sunrise), and 3. maximum day temperature 

(MXDT, at some point during the day). In Bindloss between 14 June and 17 Aug., I 

recorded one day of roost temperatures for 37 roosts, each measured within five days 

following occupancy. For each of these days, I compared rock-crevice temperatures with 

the attic-roost temperatures. I used the same procedure for comparing RH, except that 

measurements were made for 8 rock-crevice roosts between 9 July - 17 Aug. 

I define torpor, shallow torpor and deep torpor as described by Grinevitch et al. 

(1995) and Hamilton and Barclay (1994). An individual was torpid when its Tb dropped 

below its active temperature (Tact). The Tact was the lowest Tb recorded within 10 min 

prior to a bat's daily emergence to forage during the period in which the transmitter was 

on the bat. If a bat's temperature dropped <10°C below Tact, I termed this shallow torpor. 

If a bat's temperature dropped >10°C below Tact, this was deep torpor. 

I defined a "day" as starting at morning twilight (civil), or when the bat returned 

to the roost for the last time, and ending when the bat emerged to forage that night. A 

torpor-day was any day on which a bat experienced at least one bout of torpor, regardless 

of the amount of time the bat was monitored. This also applied to deep-torpor-days. For 

a bat-day to be used in all other measures of torpor, Tb had to be recorded for a minimum 

of 10 hours beginning no later than 0900 h. If no bouts of torpor were observed, the day 

was deemed a non-torpor-day. Minimum Tb's were recorded for torpor-days. These 
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temperatures were compared with minimum Tb's collected by I. Hamilton in 1991-1993 

(pers. comm.) for the maternity colony of E. fuscus roosting in the ESS attic. 

RESULTS 

Bindloss Captures 

I banded and followed a group of 34 adult female E. fuscus for the study period. 

Because few unhanded individuals were captured at the end of the season, this likely 

represented most if not all of the adult females comprising this maternity colony. I 

recaptured 22 adult females at least once during the study period. I attached 31 

transmitters to 24 females (some females were tagged more than once). I attached a total 

of 12 transmitters to pregnant females, one of which was later recaptured and found to be 

non-reproductive. I thus discarded data from this female. All but two of the other tagged 

pregnant females were recaptured and pregnancy was confirmed. Eleven lactating 

females were tagged. Two lactating bats became post-lactating during the life of the 

transmitter, as confirmed by recapture. I monitored daily body temperature (Tb) for 11 

post-lactating E. fuscus. 

Comparisons Between Locations 

The maximum and minimum ambient temperatures (Tamb) in the Bindloss study 

area and in Medicine Hat differed significantly (paired sample t-tests, maximum Tamb, 

Medicine Hat mean = 31.21 ± 0.89°C , Bindloss mean = 29.05 ± 0.62°C , t = 2.34, df = 
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36, p = 0.025; minimum Tamb, Medicine Hat mean = 14.04 ± 0.51°C, Bindloss mean = 

12.94 + 0.45°C, t = 2.40, df = 36, p = 0.022). I thus used Tamb from each location as a 

covariate in all ANCOVA models comparing data from the two locations. The daily 

range of Tamb was not significantly different (paired sample t-test, t = 1.04, df = 36, p = 

0.31). 

Adult female E. fuscus (n > 100) were present in the ESS attic as of 9 May 2000, 

whereas, the first E. fuscus were detected (via ultrasonic detectors) in the Bindloss study 

area on 16 May, and the first female E. fuscus was captured on 27 May. On 3 July, 6 

pups were captured in Medicine Hat, the oldest being 10 days old (estimated by forearm 

length; Holroyd 1993). The first E. fuscus pups in the Bindloss study area were heard 

(isolation calls; Kurta and Baker 1990) on 1 July, and the first was captured 6 July. On 

26 July, 5 volant pups were captured from the Medicine Hat attic and epiphyseal gaps of 

the fourth metacarpals ranged from 1.5 - 2.7 mm (L. Hollis unpublished data), indicating 

that the oldest pup was 33 - 38 days old (1994 age-predictive equation; Hamilton 1996). 

On 28 July, 4 volant pups were captured in the Bindloss area, and epiphyseal gaps ranged 

from 3.0 - 4.0 mm (L. Hollis unpublished data), indicating that pups were younger in the 

Bindloss colony, with the oldest being 25 - 28 days old (1994 age-predictive equation; 

Hamilton 1996). Therefore, pups in the Bindloss area had likely fledged later than those 

from the attic colony. 

Females in the attic roosted in large (n > 50) clusters throughout May until mid-

July. On 26 July there were fewer bats (n < 50) and smaller clusters, suggesting that 
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post-lactation might have already begun because E. fuscus females tend to roost away 

from the attic more when post-lactating (Hamilton 1992). On 17 August, I observed few 

bats in the attic (n < 12), and the lack of banded individuals suggested that those present 

might be juveniles. The first post-lactating E. fuscus in the Bindloss colony was captured 

30 July, after which time females roosted individually more often than before that date 

(Chapter 2). The last radio-transmitters were attached on 20 August and tagged bats (5), 

along with other untagged E. fuscus, were still in the area on 26 August when the study 

ended. 

Microclimate 

I used ANCOVA to determine differences between attic and rock-crevice 

microclimates (Table 4.1). The attic roost cooled significantly less at night than did rock-

crevice roosts (MNNT, adjusted least squares means: attic = 24.0 ± 0.5°C, rocks = 19.5 

± 0.5°C; MNDT, attic = 23.1 ± 0.4°C, rocks = 18.8 ± 0.5°C). The attic warmed up more 

slowly during the day (MINS, attic = 700 + 18 min, rocks = 608 ± 19 min), but reached 

significantly warmer day temperatures (MXDT, attic = 30.8 + 0.6°C, rocks = 28.4 + 

0.6°C). It also remained warmer relative to minimum Tamb than rock-crevice roosts 

(ELEV, attic = 9.6 ± 0.5°C above minimum Tanlb, rocks = 5.2 ± 0.5°C). I performed 

ANCOVA for each of these microclimate attributes during the lactation period only, and 

the same microclimatic differences existed. In summary, the ESS attic throughout June, 

July and August was warmer at night and during the day, and temperature was more 

stable than in rock crevices (Fig. 4.1). 
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Table 4.1. Results of A N C O V A s describing microclimate of the ESS attic roosts 

compared to rock-crevice roosts in the Bindloss study area (location: ESS or rocks). 

Models describe the following roost microclimate attributes: minimum and maximum 

relative humidity (MXRH, MNRH), minimum night and minimum and maximum day 

temperatures (MNNT, MNDT, MXDT), range in day temperature (RRNG), and 

temperature elevation above minimum ambient (ELEV). Reproductive stage (stage) was 

included as a main effect for all temperature comparisons. The covariates were ambient 

relative humidity (RHamb) or temperature (Tamb). Asterisks (*) indicate models in which 

microclimate differed significantly between the two locations. 

Source F-ratio p 

M N R H Location Fl,13 0.47 0.507 

RHamb Fl,13 = 13.9 0.003 

M X R H Location F 1.13 = 113 < 0.001 

RHamb Fl,13 = 69.8 < 0.001 

MINS Location F|,69 = 12.0 
* < 0.001 

Stage F2,69 = 6.56 < 0.001 

M X D T Fl,69 = 11.5 0.001 

MNNT Location Fl,69 39.3 < 0.001 

Stage F2,69 = 7.65 < 0.001 

Tamb Fl,69 15.2 < 0.001 

MNDT Location Fl,69 = 45.0 < 0.001 

Stage F2.69 = 5.87 0.004 

Fl£9 = 31.7 < 0.001 

M X D T Location Fl,69 = 7.04 0.009 

Stage 2̂.69 = 2.34 0.104 

Tamb Fl,69 2.26 < 0.001 

RRNG Location F2.69 4.47 0.094 

Stage F2,69 = 1.55 0.219 

Tamb F2,69 = 5.59 0.021 

E L E V Location Fl,69 = 45.9 
* < 0.001 

Stage F2.69 = 5.73 0.005 

Tamb Fl,69 = 7.05 0.010 
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Figure 4.1. Temperature over several days in E. fuscus roosts: the attic of Elm Street 

School in Medicine Hat, Alberta (A), and rock-crevice roosts in Bindloss, Alberta (B and 

C). B shows the temperature at two depths in a deep (125 cm) elongated hollow created 

by water erosion of soft sandstone. This roost was used by lactating females. C is the 

temperature in a shallow (32 cm) fracture in a boulder. This roost was used by a post-

lactating female. 
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Minimum ambient and minimum roost relative humidity (RH) were not 

significantly different in the Bindloss study area (paired sample t-test, t = 1.26, df = 22, p 

= 0.11) or in Medicine Hat (t = 0.080, df = 15, p = 0.47). Maximum ambient and 

maximum roost RH, however, were significantly different in both study areas (paired 

sample t-tests, Bindloss t = 10.7, df = 22, p < 0.001; Medicine Hat t = 11.4, df = 7, p < 

0.001), with ambient humidity being significantly higher than roost humidity in both 

areas. Minimum RH did not differ between roost types (Table 4.1). However, the rock-

crevices reached significantly higher maximum RH (mean = 59 ± 3%) than the attic (38 ± 

2%). Mean maximum ambient RH was the same in both locations (Bindloss 79 ± 4%, 

ESS 79 ± 5%). Reproductive stage was not included in the ANCOVA models for RH 

because there were no differences in roost humidity for the reproductive stages (Chapter 

3). 

Use of Torpor 

In Bindloss, pregnant bats (n = 11) used torpor on 58 of 79 (73.4%) bat-days, 

lactating bats (9) on 44 of 50 (88.0%) bat-days, and post-lactating bats on 80 of 84 

(95.2%) bat-days (Fig. 4.2). This represents a significant difference in frequency of 

torpor (x = 15.93, df = 2, p < 0.001). There was no significant difference between 

frequency of torpor-days in lactating and post-lactating bats (x2 = 1.45, df = 1, p = 0.23), 

and when these were combined and compared to the frequency of torpor use in pregnant 

bats, there was a significant difference (x2 = 13.11, df = 1, p = 0.003). Of the torpor-
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days, 34.5% (20 of 58) were deep-torpor-days for pregnant bats, 9.1% (4 of 44) for 

lactating bats, and 33.8% (27 of 80) for post-lactating bats (Fig. 4.2). This represents a 

significant difference in frequency of deep torpor (%2 = 10.3, df = 2, p = 0.006), with 

lactating bats using deep torpor on significantly fewer days. 

Hamilton and Barclay (1994) report patterns of torpor use by pregnant, lactating, 

and nonreproductive (including post-lactating) females in percentage of bat-days. 

Because they combined nonreproductive females with post-lactating females I did not 

include post-lactation in my comparison. They also represent both morning and 

afternoon data, but because torpor-days always involve morning torpor (personal 

observation), I used only the morning period in the comparison. I found no significant 

difference in use of torpor between the colonies (pregnancy: attic n = 17, rocks n - 79 

bat-days, %2 = 1-90, df = 1, p = 0.17; lactation: attic n = 19, rocks n = 50 bat-days, x2 = 

2.44, df = 1, p = 0.12). However, differences existed in terms of the depth of torpor, with 

pregnant E. fuscus in the attic using deep torpor significantly more often than pregnant 

rock-roosting E. fuscus (attic n = 9, rocks n = 58 torpor-days, Fisher's Exact test p = 

0.006). There was no significant difference in use of deep torpor during lactation (attic n 

= 13, rocks n = 44 torpor-days, Fisher's Exact test p = 0.38). 

The minimum Tb's of torpid bats roosting in the rock crevices were significantly 

higher than minimum Tb's of torpid bats in ESS (ANCOVA, attic n = 8 individuals, 27 

bat-days, adjusted least squares mean = 23 ± 2°C, rocks n = 22 individuals, 131 bat-days, 

adjusted least squares mean = 29 ± 1°C. Fi. 124 = 8.06, p = 0.005). Variation in the model 
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Reproductive stage 

Figure 4.2. Frequency of torpor use by adult female E. fuscus roosting in rock-crevices. 

All reproductive stages are represented with the number of bat-days in parentheses. The 

first bar for each reproductive class is percentage of days on which torpor was not used. 

The second bar is proportion of days on which torpor was used; the top portion of the bar 

is deep torpor, and the bottom is shallow torpor. 
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was also explained by reproductive stage (pregnancy, lactation or post-lactation, F?, 124 -

10.4, p < 0.001), minimum Tamb (F,. l24 = 33.6, p < 0.001), individual (F27.124 = 5.10, p < 

0.001), and the interaction between reproductive stage and minimum Tamb (F2,124 = 5.62, 

p = 0.005). This interaction indicates that minimum Tamb influenced minimum Tb 

differently depending on whether the bat was pregnant, lactating or post-lactating. There 

were no significant differences in minimum Tb between the reproductive stages (Tukey's 

pairwise comparisons p > 0.1, pregnancy n = 62 bat-days, mean minimum Tb = 24 ± 3°C; 

lactation n = 54, mean minimum Tb = 29 ± 1°C; post-lactation n = 42, mean minimum Tb 

= 24 +4/-6°C; all values were cubic-root back-transformed). Each individual was used in 

one reproductive stage only. 

DISCUSSION 

I measured relative humidity (RH) in the rock crevices and in the attic and found 

that in these arid southeastern Alberta locations, humidity is low, with mean values 

ranging from ca. 28 - 59% in rock-crevice roosts and 30 - 38% in the ESS attic. 

Maximum RH in these E. fuscus roosts is much lower than ambient conditions, with 

maximum humidity being higher in rock-crevice roosts than in the ESS attic. This 

finding, however, may reflect measurement bias (see Methods). Rock-crevice roosts 

selected by lactating E. fuscus females are not more humid than those selected during 

pregnancy and post-lactation (Chapter 3), and therefore, RH may not be as important a 

factor for roost selection as temperature (Williams and Brittingham 1997). 
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Roost sites in the ESS attic were warmer than the rock-crevice roosts of the 

Bindloss area, night and day. Warm roost conditions promote juvenile growth 

(Humphrey et al. 1977, McNab 1982, Tuttle and Stevenson 1982, Zahn 1999), and are 

important for reproductive females when defending Tb (Barclay 1982). The ESS attic 

was warmer, and remained above ambient more than the rock crevices did. Both the 

attic-roost and the deep rock-crevice roosts retain heat from day to day creating stable 

environments that remain warm at night (compare Fig. 4.1 A with 4.IB). Aspects of 

microclimate differing between rock crevices used in lactation and those used at other 

times (Chapter 3), are similar to differences found between the attic and rock-crevice 

roosts; rock-crevice roosts used during lactation were warmer at night (beneficial for 

pups) and warmed more slowly during the day (allows for shallow torpor and prevents 

heat stress) in relation to other rock-crevice roosts. Some rock crevices fluctuate a great 

deal in temperature (Fig. 4.1C), while others do not (Fig. 4.IB), and when pooled and 

compared to the attic roost sites, there was no significant difference between the attic-

and rock-roost temperature ranges. Deeper rock crevices were selected during lactation 

(Chapter 2) and these fluctuated less with ambient (Chapter 3), suggesting that 

temperature stability is most important during lactation. As such, the stable and warm 

thermal regime of the attic is most suitable for lactating females, making it a good 

maternity roost. Additionally, because the attic is large, it may provide a safer place for 

juvenile fledging than rock crevices do (Kalcounis and Brigham 1998), and it may 
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facilitate behavioural thermoregulation by providing various conditions for bats to select 

from (Audet and Fenton 1988, Licht and Leitner 1967b, Watkins and Shump 1981). 

Post-lactating females roosting in rock-crevices, in preparation for hibernation, 

sought cooler roosts where they used long bouts of deep torpor (Chapter 3). The weaning 

of pups in the Bindloss area coincided with an increase in the frequency of roosting alone 

and roosting outside the main roosting area (Chapter 2). Similarly, at ESS, the onset of 

post-lactation coincides with fewer E. fuscus roosting in the attic (this study, Hamilton 

1992). This supports the hypothesis that thermoregulatory requirements of post-lactating 

females differ from those of pregnant and lactating individuals, and suggests that the 

attic-roost does not provide the optimal microclimate for post-lactating E. fuscus. 

Warm roost conditions in the attic-roost meant a small temperature differential 

between nontorpid bats and their surroundings. A smaller temperature differential means 

less heat loss, and consequently lower thermoregulatory costs for active bats. For bats 

surrounded by cooler conditions to have equivalent energy savings to those in warmer 

surroundings, they must decrease their Tb to a greater extent. Based on this reasoning, 

female E. fuscus roosting in the cooler conditions of the rock crevices should use torpor 

more often than those in the attic. However, they did not. Instead they used torpor with 

the same frequency (% bat-days) as females roosting in ESS. However, energy savings 

from torpor depend on more than just frequency; they depend on both the depth and 

duration of torpor. I was unable to compare duration of torpor as these data were not 

available for ESS, however, I was able to compare depth. Less body heat loss occurs 
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with deeper torpor, and therefore, more energy is saved as depth of torpor increases (a 

diminishing returns pattern; Studier 1981). Based on this, one expects that if E. fuscus 

roosting in rock crevices realized the same energy-savings as E. fuscus roosting in the 

attic, the rock-roosting E. fuscus should use deeper torpor. However, I found exactly the 

opposite: E. fuscus roosting in the attic used deep torpor more frequently (during 

pregnancy) and had lower minimum TVs (during all three reproductive stages) when 

torpid, compared to rock-roosting E. fuscus. This means that female E. fuscus roosting in 

the attic likely realized greater mean energy savings from torpor than females roosting in 

the rock crevices. 

Why might rock-roosting E. fuscus, despite colder roost temperatures, maintain 

higher minimum Tb's? Predation risk may be an explanation. In the Bindloss area I 

observed a large number of potential predators, including short-eared owls (Asio 

flammeus), merlins (Falco columbarius), coyotes (Canis latrans), rattle snakes (Crotalus 

viridis), bull snakes (Pituophis melanoleucus), and bushytailed wood rats (Neotoma 

cinerea; Chapter 2). In Chapter 2 I presented evidence of predation of roosting E. fuscus 

by a bull snake. The prevalence of potential predators that can enter roosts in the Bindloss 

area and the apparent absence of predators that can enter the attic-roost, leads me to 

conclude that the cost of decreased vigilance may be the reason minimum Tb's are higher 

for rock-roosting E. fuscus than attic-roosting E. fuscus. The ability of a bat to avoid 

terrestrial predators is compromised by using torpor (Cossins and Bowler 1987), and the 

deeper the torpor, the less movement is possible and the longer the warm-up time 
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(Schmidt-Nielsen 1990). Therefore, the costs of torpor may be lower for building-

roosting bats, favouring deeper torpor. 

There are several potential consequences for rock-roosting E. fuscus maintaining 

a relatively high Tb. For the benefit of increased vigilance, E. fuscus that maintain higher 

Tb in colder roosts will save less energy than conspecifics using deeper torpor in a 

warmer, safer building roost. This may be reflected in longer foraging times by the rock-

roosting population, or may result in decreased winter survival of adults, especially in 

cooler summers when roost temperatures are especially cool and insect abundance is 

lower. It might mean that developing offspring receive fewer resources, as more of the 

female's energy is allocated to maintenance and less to reproduction. Reproduction is 

energetically expensive (Racey 1982), and energy-savings from torpor may be important 

for the continual allocation of reserves to offspring (Wilde et al. 1999). Females must 

find an optimum level of torpor use to balance costs with benefits, but if energy-savings 

from torpor are minimized to enhance adult survival, then juvenile growth rate and 

survival might decrease resulting in lower reproductive success for rock-roosting 

populations. In such a case, E. fuscus roosting in buildings would be favoured over those 

roosting in natural rock-crevices. 

If females roosting in rock crevices are less able to allocate energy to offspring 

and are more inefficient at saving energy than building-roosting females, one result 

should be longer gestation and lactation periods, and therefore a longer reproductive 

season for E. fuscus, roosting in rocks. I observed that parturition, fledging and post-
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lactation started earlier (ca. 1 week) in the ESS colony than in the Bindloss colony in 

2000. Although my observations are based on one season only, Holloway (1998) also 

found E. fuscus parturition began in the first part of July in the Bindloss area, while in 12 

years of study at ESS, E. fuscus lactation has always started by the end of June (R. 

Barclay, pers. comm.). These temporal differences may, therefore, reflect differences in 

fetal and juvenile development/growth rates between the areas; alternatively they could 

reflect differences in spring arrival times of females. Further study will be necessary to 

determine this. In either case, reproductive fitness is affected because juvenile over

winter survival rate decreases when parturition occurs later in the season (Holroyd 1993). 

Wilkinson (1995) reported that E. fuscus roosting in ESS fly in excess of 13 km 

from the maternity colony to forage along the South Saskatchewan River valley. 

Hamilton and Barclay (1994) suggested that this distance could be reduced if the bats 

chose roost sites closer to the foraging areas. Casual inspection of the river valley around 

Medicine Hat revealed plenty of potential rock-crevice roosts (personal observation). 

Hamilton and Barclay (1994) suggested that the building microclimate may be more 

suitable for thermoregulation than the nearby rock crevices. My findings support this 

hypothesis as it pertains to reproductive females. This may not hold true for male E. 

fuscus which use torpor more than reproductive females, and to the same extent as non-

reproductive (including post-lactating) E. fuscus (Hamilton and Barclay 1994). Males 

should therefore select roost microclimates similar to those preferred by post-lactating 

females: cool in the morning and warm later in the day (Fig. 4.1C; Chapter 3). Because 
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the attic is warmer than rock-crevice roosts, it seems counterintuitive to find males 

roosting in the building instead of nearby rock-crevices, where they could realize deeper 

torpor. Male presence in the attic may reflect underlying social bonds which outweigh 

thermoregulatory needs. Alternatively, it lends further support to the idea that the 

building is preferred because of reduced predation risk. Despite warmer roost 

temperatures, males roosting in the protection of the building, like females, may actually 

realize more energy savings from torpor than their rock-roosting conspecifics due to 

lower Tb's made possible by the reduced importance of remaining active and vigilant. 

Even when bats switch roosts frequently, fidelity is often shown to the area in 

which the roosts are located (Chapter 2, Betts 1995, Kalcounis 1995, Fenton 1983, 

O'Donnell and Sedgely 1999), and this can extend to year to year fidelity (Altringham 

1996). Which structures bats select for roosting must therefore depend on what is most 

suitable in the area they are faithful to. In the Bindloss study area, buildings and trees 

were lacking. However, in Medicine Hat both were present in addition to rock crevices. 

Bats should be expected to choose roosts that maximize fitness. For example, not all 

rock crevices have the same shape, dimensions, and thermal properties (Chapter 2 and 3, 

Chruszcz 1999, Vaughan and O'Shea 1976), and as such, not all rock-crevices are 

optimal as roosts. Because physiological requirements change for reproductive females, 

certain roosts are also suitable only at certain times of the year (Chapter 3). The same 

can be said of building-roosts. Studies comparing attic-roosts to randomly available 

buildings, found that occupied buildings were hotter (Entwistle et al. 1997, Williams and 
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Brittingham 1997), had wider temperature gradients, more access points into the attic, 

were taller (Williams and Brittingham 1997), closer to woodland and water, had highly 

divided roof-spaces, and were lined with rough wooden planking (Entwistle et al. 1997). 

Building roosts also tend to be old (mid-1900's or older; Entwistle et al. 1997, 

Schowalter and Gunson 1979, Williams and Brittingham 1998), and failure of newer 

buildings to be selected as roosts, may reflect changes in building standards and 

construction methods (Schowalter and Gunson 1979). Building roosts will not always be 

selected over natural roost-sites (Brigham 1991), because not all buildings make suitable 

roosts (Entwistle et al. 1997, Williams and Brittingham 1997). 

In summary, advantages that the attic offered over natural rock-crevice roosts 

were wanner temperatures at night (benefiting pups) and during the day (less heat loss in 

non-torpid individuals), and protection from predators. This latter advantage is two-fold 

as E. fuscus roosting in the building have less predation risk, and because of a decreased 

need for vigilance, are able to save more energy by reaching lower body temperatures 

during torpor. Due to the attic's size, it might also provide a safe area for juvenile 

fledging (Kalcounis and Brigham 1998), and allow for behavioural thermoregulation 

(Audet and Fenton 1988, Licht and Leitner 1967b, Watkins and Shump 1981). This 

building is well suited as a maternity roost, and my findings indicate that reproductive 

fitness may be higher for the E. fuscus roosting in ESS, although this remains to be 

confirmed. If conditions are similar in other buildings, I suggest that building-roosting E. 

fuscus may have selective advantages over those roosting in natural sites. 
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Implications of this study will become increasingly important for bat conservation 

as new buildings continue to replace older ones and natural roost-sites are destroyed. 

Availability of suitable roosting sites may decrease dramatically, and bat species that 

have become adapted to roosting in buildings may be unable to find suitable roosts. 

Efforts should be made to preserve suitable roost-sites and when this is not possible, 

replacement structures ("bat houses") should be erected with designs that mimic suitable 

roost conditions. 
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CHAPTER 5 

General Conclusion 

Understanding an animal's ecology requires understanding its habitat 

requirements, its behaviour in a natural setting, and the interaction between physiology 

and environment. Bats roost in many different structures, both man-made and naturally-

occurring. Much study has focussed on bats in buildings due to their accessibility. High 

roost fidelity and group cohesiveness has been reported for these populations (reviewed 

in Lewis 1995). I found that in a natural roosting situation, roost fidelity was low and 

suggest that the rigid definition of a 'colony' must be relaxed. Big brown bats roosting in 

rock crevices switched roosts often and roost-mates changed. All bats tracked in my 

study were part of one larger group ('colony'), and sometimes roosted as such, although 

they often roosted in smaller groups or alone. Roosts were always within a small length 

of river valley (4 km). 

Adult female Eptesicus fuscus selected rock crevices with particular attributes. 

Some attributes such as distance to level ground and opening size likely decreased 

predation risk. Attributes such as depth, aspect and opening size influenced roost 

microclimate and selection correlated with physiological requirements, which vary with 

reproductive stage. Lactating females chose deep rock crevices, which remained warmer 

at night and cooler for a longer period during the day compared to other roosts and 

randomly selected crevices. Warm roosts at night are conducive to the growth of pups 

(Humphrey et al. 1977, McNab 1982, Tuttle and Stevenson 1982, Zahn 1999), and cool 

roost temperatures when Tamb was hot, allowed for periods of shallow torpor during the 
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day. Post-lactating females selected roosts that were smaller in opening size and faced 

more southerly than pregnancy and lactation roosts. I concluded that not all rock crevices 

are equal in quality, and habitat requirements change as the reproductive season 

progresses. These findings have important conservation implications for habitat 

assessments. 

Findings from my study illustrate the importance of describing torpor 

comprehensively. Many thermoregulatory field studies of bats have focussed on one 

measure of torpor, most often the proportion of days on which torpor was used (Audet 

and Fenton 1988, Grinevitch et al. 1995, Hamilton and Barclay 1994). However, 

proportion of days alone can produce misleading results. Because torpor is an energy-

saving strategy, it should be described using measures of depth and duration, in addition 

to frequency, as all three factors are needed to assess total energy savings. By using all 

three measures of torpor, I was able to fully illustrate the differences in thermoregulatory 

patterns for all three reproductive stages, and shed light on underlying cost:benefit ratios. 

Conflicting findings exist from previous studies regarding the use of torpor by 

lactating female bats; some studies have found lactating bats use torpor more than 

pregnant bats (Kurta 1986, Studier and O'Farrell 1972), while others have found that they 

use torpor less than pregnant bats (Audet and Fenton 1988). By fully describing 

thermoregulatory patterns, I found that they used torpor (i.e. °C*min) to the same extent, 

but their patterns of depth, duration, and frequency differed. This suggests that while 

overall use of torpor was the same, cost:benefit ratios were not, with lactating females 

experiencing greater costs associated with deep or prolonged torpor. No other study has 

included post-lactating females as a distinct group in statistical analyses of 



thermoregulation. This may be due to low sample sizes, because post-lactating females 

tend to leave maternity building-roosts, or roost in them less frequently (this study, 

Hamilton and Barclay 1994). By following a large number of post-lactating females as 

they spread out in the river valley and roosted alone, I confirmed that post-lactating 

females used torpor to a much greater extent than pregnant and lactating bats did, despite 

experiencing similar ambient temperatures as during the lactation period. 

All previous thermoregulatory studies of E. fuscus have been of individuals 

roosting in buildings, and few thermoregulatory field studies have used bats of any 

species in a natural setting (Chruszcz 1999, Hickey and Fenton 1996). My findings 

suggest that due to the artificially low predation risk and variable microclimate 

opportunities available, bats roosting in buildings behave differently than those living in a 

natural setting; in addition to showing roost fidelity (Hamilton and Barclay 1994), they 

used deep torpor more often during pregnancy, and maintained lower minimum body 

temperatures than those roosting in rock crevices, despite warmer roost temperatures. 

Because the bats in the building-roost therefore had an energetic advantage over those 

roosting in the rock crevices, I suggest that building-roosting populations of bats may 

have higher fitness than those in the natural roosts. Further study is needed to confirm 

this. 

Findings from my study highlight the importance of studying animal behaviour 

under natural conditions; if we are to obtain a complete picture of an animal's ecology 

and understand the forces that have driven its evolution, we must investigate natural 

behaviour. Then by comparing behaviour under natural and artificial conditions, it is 

possible to illustrate the effects of human influence, which may be important for 



management purposes. There are few undisturbed areas remaining in the North 

American prairie (Dorn 1996). As such, it is increasingly more difficult to study prairie 

animals in their natural ecosystem, and my study is yet another impetus for conserving 

natural habitats. 
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APPENDIX 

Additional notes on a population of E. fuscus in natural roosts in the South Saskatchewan 

River Valley, Alberta 

Counts and Measurements 

From May - Aug. 2000,1 had a total of 138 E. fuscus captures (49 males; 89 

females) at the Bindloss study site (Chapter 2). Ninety-four were adults and 44 were 

juveniles. Thirty-four adult females were regularly captured together and I therefore 

considered them to be one maternity colony. Twenty-two juveniles (9 females, 9 males, 

4 dead) were captured in association with the maternity colony (in some cases mothers 

were captured with attached juveniles). I measured forearm length with calipers, 

determined toothwear class (Holroyd 1993) for all adult females, and weighed all bats 

after holding them for at least a half hour. Adult females (n = 34) and males (n = 29) had 

a mean forearm length of 48.23 ± 0.28 mm (range 44.2 - 51.2 mm) and 45.40 ± 0.26 mm 

(range 42.2 - 48.5 mm), respectively. Toothwear classification for the adult females was 

as follows, starting with the youngest classification: class 1(+1) n = 0; class 1(0) n = 2; 

class 1(-1) n = 1; class 2(+l) n = 7; class 2(0) n = 4; class 2(-l) n = 10; class 3 n = 10. 

Mean mass of females and males was 20.69 ± 0.34 g (range 17.1 - 25.35 g) and 17.27 + 

0.39 g (range 13.3 - 20.7 g), respectively. Ten adult females were nonreproductive, as 

confirmed by capture in July: toothclass 1(0) n = 2; class 2(0) n = 1; class 2(+l) n = 5; 

class 3 n = 2. The first scrotal male was captured 27 July. 
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Noteworthy Behaviour 

I caught and adult E. fuscus with a pup attached to her teat on the night of 13 July 

and attached radio-transmitters to both individuals. On 14 July the pup and female each 

roosted with different groups of females in new roosts. The tagged adult and pup were 

found roosting together 15 July and throughout the duration of the lactation period. 

On the hottest day of the summer, 13 July, maximum temperature was 38°C. I 

observed lactating E. fuscus as a group (ca. 20 individuals) in a boulder crack roost. The 

bats were urinating, wetting the roost substrate, perhaps as a means of cooling via 

evaporation. 

I observed other animals using rock crevices in the study area, including great 

horned owls (Bubo virginianus), rattle snakes (Crotalus viridis), bushytailed wood rats 

(Neotoma cinerea), rock doves (Columba livid), and rock wrens (Salpinctes obsoletus). 

The area was home to a large population of cliff swallows (Hirundo pyrrhonota) which 

built mud-nests among the rock crevices. In one boulder-slab roost, I found three E. 

fuscus roosting in one end, and two to three M. ciliolabrum roosting in the other, 

narrower end of the roost. 

Roosts (n = 9) of E. fuscus in the study area were located near (5 - 35m) nests of 

great horned owls (Bubo virginianus) adding support to the hypothesis that these owls are 

not perceived as a threat by bats (Holloway 1998). 




